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Abstract 
Silver sea bream {Spams sarba) is a true marine euryhaline teleost that can 
survive in both freshwater and seawater environment. They are found to have 
different osmoregulatory mechanisms to cope with salinity challenge, such as 
modulation of expression of ion transporters and morphological alteration of 
chloride cells. Compared with other important ion transporters involved in 
osmoregulation, investigation of the cystic fibrosis transmembrane conductance 
regulator (CFTR) chloride channel is relatively scarce. In this study, a silver sea 
bream CFTR homologue was identified to be present in most osmoregulatory organs 
including gill and posterior intestine. The partial sequence of silver sea bream CFTR 
was 80% similar to killifish CFTR and 85% similar to fugu CFTR at the nucleotide 
level, revealing the conserved homology among teleosts. 
In the present study, silver sea bream were subjected to long-term acclimation 
to different salinities, 0，6，12, 33，50 and 70 ppt for four weeks. CFTR mRNA 
expression in gill and posterior intestine was studied for any significant change 
following long-term salinity acclimation. Results suggested that silver sea bream 
acclimate extremely well to various salinities with no change in CFTR mRNA 
expression. The capacity to rapidly respond to salinity changes was tested upon 
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abrupt transfer of silver sea bream from seawater to hypo-osmotic environment (6 
ppt) and vice versa. There was a transient decrease in branchial CFTR mRNA 
expression twelve hours after hypo-osmotic transfer, but the expression rapidly 
returned to near original level and maintained at the same level 120 hours after the 
transfer. The response following the reverse transfer was different. Transfer from 
hypo-osmotic environment to seawater upregulated branchial CFTR mRNA starting 
from six hours after the transfer, the elevated level was maintained at 24 hours after 
the transfer. CFTR mRNA expression in posterior intestine was not affected by any 
salinity challenge. 
The endocrine control of CFTR mRNA expression was investigated in the 
second part of the present study. Cortisol, recombinant bream growth hormone and 
ovine prolactin were injected to silver sea bream acclimated in either seawater or 
hypo-osmotic environment. No significant change in branchial CFTR mRNA 
expression was detected in any salinity, while the expression in posterior intestine 
was elevated in fish injected with Cortisol and was reduced in fish injected with 
ovine prolactin in hypo-osmotic environment. Primary tissue cultures of gill and 
posterior intestine were prepared for elucidating the direct effect of hormones on 
CFTR mRNA expression. There was no significant difference in CFTR mRNA 
expression in all tissues incubated with Cortisol, growth hormone or prolactin. 
The present study is the first to report CFTR mRNA expression in a marine 
euryhaline teleost, Spams sarba. CFTR transcript turnover rate was found to be 
constant after long-term acclimation to various salinities. Branchial CFTR 
transcription was found to be disturbed only during extremely challenging 
conditions, such as abrupt transfer from hypo-osmotic environment to full-strength 
seawater. Slow-acting hormones were shown ineffective in modulating CFTR 
mRNA expression. CFTR expression in posterior intestine appeared to be insensitive 
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to acclimation to various ambient salinities, though Cortisol and prolactin could exert 
some influences on CFTR expression in hypo-osmotic environment. Further studies 
on CFTR at the translational and post-translational levels with respect to various 
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Chapter 1 General introduction 
Teleosts can be found inhabiting almost all aquatic systems ranging from 
freshwater to hypersaline environment. In hypoosmotic condition, fish would suffer 
from severe ion depletion whereas in hypersaline condition, fish would have excess 
ion entry. Crucial to the survival of fish in varying ambient salinity is the 
maintenance of ionic balance. Euryhalinity of fish depends on their ability to regulate 
a number of physiological parameters which is necessary for homeostasis. For 
example, the euryhaline killifish Fundulus heteroditus • experiences routine 
fluctuations in environmental salinity in its natural habitat, during which the gill 
rapidly adjusts ion flux rates, allowing the killifish to tolerate freshwater to nearly 
four times seawater (Scott et al., 2004). Gill is one of the major sites of 
osmoregulation in teleosts. Keys and Willmer (1932) first described the presence of 
specialized chloride-secreting cells in the gills of seawater eels. It has been known 
for some time that these mitochondrion-rich cells (MRCs), also known as chloride 
cells (CCs), are the site of salt secretion. CCs express various types of ion pumps, 
transporters and channels. As euryhaline teleosts can be able to survive in a wide 
range of ambient salinities, expression levels of various ion transporters would be 
tightly regulated in order to maintain the almost constant blood osmolarity. This 
implies that coordinated action of multiple components in CCs plays a crucial role in 
salinity acclimation. 
In general, transepithelial chloride (CI.) secretion in CCs is achieved by the four 
main transporters and channels located either on the basolateral or apical membrane 
(Hirose et al., 2003), they are namely basolateral Na+, K+-ATPase’ apical cystic 
fibrosis transmembrane conductance regulator (CFTR), basolateral Na+/K+/2Cr 
cotransporter (NKCC) and basolateral potassium (K+) channel. Considerable 
research has been done on key ionomotive enzymes such as Na+’ K+-ATPase 
(McCormick, 1993). There is a relative scarcity of work on other ion transporters, 
such as the chloride transport channel CFTR. To fully elucidate the role of CCs in 
osmoregulation, thorough understanding of their components, i.e. key ion 
transporters and channels, are of the top priority in piscine research. 
Mammalian CFTR is a plasma membrane cAMP-regulated chloride channel 
that belongs to the family of ATP-binding cassette (ABC) proteins and is gated in 
response to binding and hydrolysis of ATP (Hirose et al.’ 2003). CFTR gene was first 
identified in human due to its importance on the pathology of cystic fibrosis (Riordan 
et al., 1989). Following the identification of human CFTR gene, dogfish CFTR 
homologue was cloned from the rectal gland of Squalus acanthias (Marshall et al., 
1991). The first teleost CFTR homologue was identified and sequenced by Singer et 
al. (1998) from the gill of euryhaline killifish, Fundulus heteroclitus. This prestigious 
finding has opened the field of molecular research on CFTR with respect to 
osmoregulation. Subsequent to the characterization of killifish CFTR (kfCFTR), 
Atlantic salmon is the second teleost from which CFTR has been cloned (Chen et al., 
2001), and interestingly two isoforms of CFTR gene were identified. CFTR 
homologue was also cloned from fugu Takifugu rubripes (Davidson et al., 2000). To 
date, only a few species of fish have been identified with the presence of CFTR in 
their osmoregulatory organs. Characterization of CFTR homologues from different 
species of teleosts, especially those widely separated in the evolutionary spectrum, 
would certainly provide interesting and stupendous findings. 
Previous studies have shown that teleost CFTR is actively involved in 
osmoregulation. CFTR was expressed at high levels in gill, opercular epithelium and 
intestine (Singer et al., 1998)，those are the major osmoregulatory organs, in 
seawater-adapted killifish. CFTR mRNA expression and the localization of CFTR 
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channels on CCs were salinity-dependent in Fundulus heterocUtus, particularly, the 
mRNA expression in gills showed a nine-fold increase at 24 hours after seawater 
exposure of freshwater-adapted killifish (Singer et al.，1998). Immunocytochemical 
study revealed that CFTR was present in the apical membrane of CCs for ion 
secretion in seawater (Wilson et al., 2000). CFTR was also detected in opercular 
epithelium of freshwater-adapted killifish, but they were diffusely localized near the 
basolateral membrane of CCs, when killifish were subjected to seawater exposure, 
CFTR became re-distributed progressively from the cytosol and finally inserted onto 
the apical membrane of CCs (Marshall et al., 2002a). The role of CFTR in teleost 
intestine remains unclear. Most of the enterocytes of marine killifish showed CFTR 
immunofluorescence on the basal portion and were involved in salt absorption in the 
intestine, but surprisingly, there was about 20% of enterocytes which exhibited apical 
distribution of CFTR and the author suggested that this subgroup of chloride 
channels may be involved in salt secretion (Marshall et al., 2002b). 
The neuroendocrine system was described as the primary link between 
environmental change and physiological response of fish (McCormick, 2001). The 
endocrine control of Na+, K+-ATPase has been well documented in several species of 
teleosts including silver sea bream (Deane et al., 1999; Kelly et al., 1999a; Deane et 
al., 2000; Deane and Woo, 2004). In contrast, the hormonal modulation of CFTR 
remains almost unexplored. Among the limited pieces of studies, only the effect of 
Cortisol, insulin-like growth factor (IGF-I) and epidermal growth factor (EGF) on 
CFTR mRNA expression have been investigated (Madsen et al., 2007). Cortisol was 
shown to upregulate branchial CFTR mRNA expression in Atlantic salmon (Salmo 
salar) smolts (Singer et al., 2003). Conversely, a recent study revealed that CFTR 
mRNA level in gills was unaffected by in vivo Cortisol treatment in 
freshwater-adapted striped bass (Morone saxatilis), while the in vitro Cortisol and 
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EGF treatments inhibited CFTR expression whereas the IGF-I treatment had no 
effect on CFTR expression (Madsen et al.，2007). These conflicting observations 
require further investigations to examine the hormonal impact on CFTR expression. 
Our present study aims at tackling the above mentioned deficiencies in the 
research of fish physiology. We would like to elucidate the effects of ambient salinity 
and hormones on the CFTR mRNA expression in gills and posterior intestine of 
silver sea bream {Spams sarba). Partial CFTR gene sequence was prepared from the 
gills of silver sea bream, from which specific oligonucleotides was obtained for 
detection of CFTR mRNA expression in subsequent experiments. Tissue distribution 
profile was constructed to aid further understanding of this chloride channel in 
relation to osmoregulation. Silver sea bream were acclimated to various salinities (0, 
6，12, 33, 50 and 70 ppt) for four weeks. Gill and posterior intestine were sampled 
for investigating the effect of various salinities on CFTR mRNA expression. The 
capacity of silver sea bream for rapid regulation was also tested upon abrupt transfer 
from seawater to hypo-osmotic environment and vice versa. Furthermore, fish were 
injected with Cortisol, recombinant bream growth hormone or ovine prolactin in 
order to investigate the hormonal effects on CFTR mRNA expression. An in vitro 
approach was also adopted for examining the direct effect of each hormone on the 
primary tissue culture of gill and posterior intestine. Taken together, our study is 
targeted on characterizing the CFTR chloride channel in response to salinity and 
hormones, and ultimately contributing to the knowledge of fish osmoregulation. 
Chapter 2 Literature review 
2.1 Cystic fibrosis transmembrane conductance regulator in human 
2.1.1. Pathology of cystic fibrosis 
Cystic fibrosis is one of the most common lethal genetic disorders among the 
Caucasian populations. This genetic disorder affects almost all the organs lined with 
epithelia, including the airways, pancreas, intestines, reproductive tract and sweat 
gland (Strong and Collins, 1993). Mutations of the gene encoding cystic fibrosis 
transmembrane conductance regulator (CFTR) are primarily responsible for this 
defect (Riordan et al.’ 1989). The most common mutation of CFTR gene is the 
AF508 mutation, leading to a three base-pair deletion in the CFTR gene and resulting 
in deletion of the phenylalanine residue at amino acid position 508 of the gene 
product (Tsui et al., 1993). 
CFTR is an anion channel transporting predominantly chloride (CI") ions across 
the cell membrane (Riordan, 1993). Malfunctioning of this CI" channel would lead to 
an imbalance of ion concentrations across the cell membrane. As a result, fluids 
secreted through the exocrine glands become more viscous and the ducts are plugged 
and become atrophic, leading to the clinical symptoms of cystic fibrosis. In the 
bronchial airway, failure of epithelia to secrete CI" ions results in impaired fluid 
secretion and dehydration of mucus. The thick mucus secretions cannot be easily 
cleared, causing airway obstruction and recurrent infections. 
2.1.2. CFTR gene and the encoded protein 
The human CFTR gene was first identified and sequenced by Riordan et al. 
(1989). The complete cDNA sequence of human CFTR spans 6129 base pairs, 
encoding for a protein of 1480 amino acids with a molecular mass of 169,138 daltons 
(Riordan et al., 1989). The most characteristic feature of the encoded protein is the 
presence of two repeated motifs, each of which consisted of a domain with six 
hydrophobic segments spanning the membrane (transmembrane segments, TMs) and 
sequences homologous to nucleotide-binding folds (NBFs). NBFs are primarily 
present in a large class of membrane transport protein, suggesting the CFTR gene 
product is likely to be involved in ion transport across the membrane. This class has 
since been referred to the ATP-binding cassette (ABC), TM6-NBF or traffic-ATPase 
superfamily of membrane transporters (Riordan, 1993). Sequence analysis also 
revealed one structural element of CFTR which distinguished it from other members 
of the transporter superfamily. This element was termed the regulatory or R domain, 
which was inserted into the middle of the molecule separating the two coupled 
TM-NBF domains (Riordan et al., 1989). The R domain consists of 241 amino acids, 
where one third of the amino acids of this domain contained charged side chains. In 
addition, there were strong consensus sequences for phosphorylation by protein 
kinase A (PKA) and protein kinase C (PKC). This clustering, especially the PKA 
phosphorylation sites, inferred the regulatory role of R domain on CFTR activity 
may probably act through phosphorylation (Riordan, 1993). 
Riordan (1993) proposed that the ion channel was constituted of membrane 
associated domains in the CFTR gene product. Several charged amino acids within 
the transmembrane helices and the positively charged residues in the cytoplasmic 
loops separating these helices were believed to attract anions to the inner mouth of 
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the pore. The role of NBFs was not apparent but most of the mutations of CFTR gene 
were discovered on NBFs (Welsh et al.，1992). Particularly, the major 
disease-causing mutation, AF508 mutation, was found to be localized to the middle 
of the first NBF (Tsui et al., 1993). This implied that ATP binding was critical to 
normal functioning of the CI— channel (Riordan, 1993). 
2.1.3. Hypothetical model for CFTR function 
Activity of CFTR is known to require cAMP, PKA and ATP, but the details 
remain unclear. In a hypothetical model, some of the transmembrane helices interact 
within the bilayer of cell membrane to form the ion pore. However, evidence has 
only been presented for the involvement of TMl and TM6 (Riordan, 1993). During 
the resting state, the channel is plugged by the R domain. Opening of the channel 
requires cAMP to trigger PKA, which in turn phosphorylates the R domain. The 
resulting exposure of NBFs permits binding and hydrolysis of ATP. The passage of 
Cr ions by the conformational change or the added negative charge may alter the 
interaction with the membrane associated domains of the molecule. Therefore, 
activity of CFTR is increased by both nucleotide binding and phosphorylation. 
(Riordan, 1993). 
2.1.4. Functions of CFTR 
After initial characterization of CFTR as a cAMP and PKA-regulated CI" 
channel, CFTR was also reported as a conductance regulator. It regulates the 
outwardly rectifying CI— channels by autocrine mechanism involving ATP release 
(Morales et. a l , 1999). In addition, numerous studies reported the influences of 
CFTR on other independent membrane transport proteins, such as epithelial Na+ 
channels, K+ and CI' channels, Na+/H+ exchanger and ClVHCOs" antiporter. Currently 
best examined is the regulation of the epithelial Na+ channel ENaC (Kunzelmann, 
2003). CFTR inhibition of EnaC was observed in Ussing chamber studies on both 
human airways and colon but the underlying mechanism is still controversial. 
(Morales et. al., 1999). Other than chloride conductance, CFTR is also involved in 
conductance of other anions, notably bicarbonate (HCO3") ions (Poulsen et al., 1994). 
2.1.5. Regulation of CFTR gene expression • 
CFTR gene showed a tightly regulated pattern of expression but the precise 
mechanism has yet to be fully elucidated (McCarthy and Harris, 2005). The CFTR 
gene promoter is clearly important for maintaining the basal transcription levels of 
CFTR via a cAMP response element (CRE) located at position -48 in the promoter 
region. An inverted CCAAT-like element (Y box) located between nucleotide 
positions -132 to -119 upstream of the translational start sites is also necessary for 
CFTR expression. Removal of the inverted CCAAT element decreased basal 
transcription levels and also abolished the cAMP responsiveness of CFTR (Rowntree 
and Harris, 2003). 
Apparently the promoter region does not contain any tissue-specific elements. 
Thus tissue-specificity is probably controlled by sequences lying elsewhere in the 
gene. Several DNase I Hypersensitivity Sites (DNS) have been identified to contain 
regulatory elements that have specific roles in coordinating CFTR expression. 
However, the involvement of each of these DHS regions has not yet fully elucidated 
(Rowntree and Harris, 2003). Other regions involved in CFTR expression include 
transcription start sites. There is a variation in the transcription start sites for colonic 
8 
epithelial cell line and human cervical carcinoma, suggesting a level of 
tissue-specific regulation of CFTR expression (McCarthy and Harris, 2005). In 
addition to regulation by regions within the gene, the CFTR gene appears to show 
hormonal regulation of expression. Estrogen was found to upregulate CFTR levels in 
the uterine epithelium and oviductal mucosa (McCarthy and Harris, 2005). However, 
the regulatory elements responsible for this have not been identified. 
2.1.6. Regulation of CFTR protein 
CFTR protein itself is regulated at the functional level by several protein 
kinases, for example, PKA and PKC, while at the maturational level, CFTR is 
regulated by chaperones and SNARE proteins. Moreover, CFTR seems to be linked 
with other proteins and with the cytoskeleton through interaction with 
PDZ-domain-containing proteins (Cormet-Boyaka et. a l , 2003). CFTR contains a 
common site for protein binding at the very C-terminal end of the protein, called 
PDZ-binding domain. This PDZ domain is essential for proper expression of CFTR 
in the apical plasma membrane of epithelial cells. It has been reported that CFTR is 
anchored in the apical membrane via the cytoskeleton, using the ezrin binding 
phosphprotein, EBP50 (Kunzelmann, 2003). Furthermore, ezrin has been reported to 
bind with the PKA holoenzyme. It may function as an A kinase anchoring protein 
(AKAP), thereby linking PKA to CFTR, which may be essential for PKA-mediated 
phosphorylation and activation of CFTR in epithelial cells (Kunzelmann, 2003). 
2.1.7. Discovery of CFTR homologues in other vertebrates 
After the characterization of human CFTR, the next step would be development 
of therapies in treating this lethal disease. Researchers quickly attempted to develop 
an animal model for this purpose (Riordan, 1993). Meanwhile, several CFTR 
homologues were also discovered from various species, including macaca, rabbit, 
sheep, cow, mouse, Xenopus, dogfish and the recent discovery in teleosts. Multiple 
sequence alignment revealed that CFTR homologues of other vertebrates were 
closely conserved with human CFTR, with the least homology in killifish which 
shared 59% identity with human CFTR at the amino acid level (Marshall and Singer, 
2002). 
Marshall et al. (1991) isolated a cDNA clone from the rectal gland of dogfish, 
Squalus acanthias. The rectal gland is a specialized tissue which actively secretes CI" 
and participates in osmoregulation in marine elasmobranchs. The gene encodes a 
protein that is closely related to the human CFTR, suggesting that the mechanism of 
chloride channel regulation has been conserved in these evolutionarily distant species 
(Marshall et al., 1991). Recent discovery of CFTR homologue in teleosts further 
suggests a strong role of this anion channel in fish osmoregulation (Singer et al., 
1998). 
2.2 Cystic fibrosis transmembrane conductance regulator in teleosts 
2.2.1. Evidence for the presence of CFTR homologue in teleosts 
A low conductance anion channel was identified in primary cultures of 
opercular epithelium from euryhaline killifish Fundulus heteroclitus (Marshall et al., 
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1995) and gill of seabass, Dicentrarchus labrax (Duranton et al., 1997). These 
channels shared some common characteristics with human CFTR. 
Electrophysiological study revealed that the anion channel in killifish had a 
conductance of 8.1 ± 0.35 pS and the mean conductance of anion channel of sea bass 
was 8.1 土 0.4 pS, while the conductance of human CFTR was 7-10 pS (Welsh et al., 
1992). These channels were likely to be localized on the apical membrane of chloride 
cells (CCs) and these channels also possessed a strong selectivity for CI" (Marshall et 
al., 1995). The channels of both killifish and sea bass were sensitive to DPC and 
NPPB inhibitions but were not affected by DIDS inhibition; and they were activated 
upon application of cAMP. 
2.2.2. Molecular cloning of teleost CFTR genes 
Although electrophysiological studies on the channel properties provided 
evidence for the presence of CFTR homologue in teleosts, the eloquent clue comes 
primarily from the molecular cloning of teleost CFTR gene. The first full-length 
cDNA clone of teleost CFTR was identified from the gill of seawater (SW)-adapted 
killifish, Fundulus heteroclitus (Singer et al., 1998). The cDNA of killifish CFTR 
gene encodes for a protein of 1,503 amino acids. At the nucleotide level, killifish 
CFTR (kfCFTR) was 62.2% identical to human CFTR and 63.7% identical to 
dogfish CFTR. At the amino acid level, kfCFTR was 59.0% identical to human 
CFTR. Sequence analysis revealed that the first and second NBDs were the most 
conserved domains while the R domain of kfCFTR was the least conserved domain 
while the nucleotide-binding domains showed the highest similarity with human 
CFTR (Singer et al., 1998). Despite the relatively low homology between the two 
proteins, kfCFTR still conserved the function as a cAMP-activated CI" channel, as 
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shown in heterologous expression of kfCFTR in Xenopus oocytes (Singer et al., 
1998). 
The pioneer work of Singer et al. (1998) on cloning of kfCFTR has opened the 
field of molecular research on CFTR in teleosts. Subsequent to the cloning of 
kfCFTR, Atlantic salmon, Salmo salar, was the second teleost from which CFTR has 
been cloned. It was the only teleost found to have two isoforms of CFTR, namely 
CFTR I and CFTR II (Chen et al., 2001). The two isoforms showed a high degree of 
identity of 93.2% in the coding region and about 95% identity at the amino acid level. 
The presence of two CFTR isoforms in Atlantic salmon was unique and probably due 
to tetraploidization events during the evolutionary history of salmonids, which 
induced multiple isoforms of the same gene (Allendorf and Thorgaard, 1984). Chen 
et al. (2001) suggested the presence of CFTR isoforms would be common among 
teleosts as two species of mRNA, one of 7.5 kb and another 5.5 kb, were also 
detected in killifish and it may represent an alternatively spliced form (Singer et al., 
1998). Nevertheless, the functional significance of CFTR I and CFTR II isoforms 
remained to be elucidated. 
CFTR homologues were also cloned from stenohaline puffer fish, Fugu 
rubripes (Davidson et al., 2000) and spotted green pufferfish, Tetraodon nigroviridis 
(Thomas et al., 2003). Fugu CFTR was the only teleost CFTR homologue for which 
the full genomic structure was known (Marshall and Singer, 2002). A conservation of 
synteny in the CFTR region was demonstrated between human and Fugu genomic 
sequence (Davidson et al., 2000). Sequence analysis showed the complete 
conservation of CFTR exon/intron boundaries between human and Fugu, and there 
was extensive homology between functional protein domains, however in the 
non-coding regions of CFTR gene, human and Fugu being highly divergent. Despite 
puffer fish is a stenohaline teleost that would not adapt to changing salinities, Fugu 
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CFTR was highly homologous to that of euryhaline killifish with 84% identity at the 
amino acid level (Davidson et al.，2000). This provided the basis of investigations to 
compare the genomic regulatory elements between stenohaline and euryhaline 
species. 
2.2.3. Role of teleost CFTR in osmoregulation 
2.2.3.1. Tissue distribution of CFTR 
CFTR transcripts were expressed at high levels in major teleostean 
omsoregulatory organs, suggesting a significance role of CFTR in regulating 
electrolytes balance in fish upon exposure to changes in ambient salinity. 
Tissue-specific expression of kfCFTR was found to be present at high levels in gill, 
opercular epithelium and intestine of SW-adapted killifish; and with a moderate 
expression in brain (Singer et al., 1998). Western blot analysis of SW-adapted 
killifish using a mouse anti-human CFTR antibody (R&D Systems) detected a 
protein of 151.3 土 2.0 kDa molecular mass in gill and a 147 ± 1.8 kDa protein in 
opercular epithelium (Marshall et al., 2002a), but two additional bands with lower 
molecular masses of about 90 kDa were also detected. The same antibody was also 
used for Western immunoblot of CFTR in the intestine of SW-adapted killifish, a 175 
kDa protein was detected and two lighter bands at 90.3 and 94.2 kDa were also found 
(Marshall et al., 2002b). Gill and opercular epithelium were abundant in specialized 
Cr secreting cells (Karnaky et al., 1977). A high expression of CFTR implies a 
significance role of this anion channel in Cr secretion of these cells. Intestine of 
marine teleosts is primarily involved in NaCl absorption (Loretz, 1995). It would be 
interesting to elucidate the localization of CFTR in the intestinal epithelium of fish, 
as in human intestine CFTR was expressed at a high level in the secretory crypts of 
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small intestine (Crawford, 1991). 
2.2.3.2. Changes in CFTR expression in response to ambient salinities 
CFTR mRNA expression appeared to be upregulated following SW exposure of 
freshwater (FW)-adapted killifish. Following abrupt transfer to SW from FW, mRNA 
expression of kfCFTR in gills increased eight hours after the transfer, then reached a 
nine-fold increase by 24 hours; after which the expression level gradually subsided to 
a three-fold increase after 28 days in seawater (Singer et al., 1998). The increase in 
kfCFTR strongly suggested a role of CFTR in SW adaptation.‘ 
Upregulation of CFTR expression in response to increasing ambient salinity 
was also demonstrated in Atlantic salmon smolts. Interestingly, each Atlantic salmon 
CFTR isoform, CFTR I and CFTR II，has a unique expression pattern and may be 
regulated differently (Singer et al., 2002). Atlantic salmon smolts exhibited a 
sustained increase in branchial CFTR I mRNA expression following SW transfer 
throughout the two-week experimental period; in contrast to CFTR I expression, 
CFTR II mRNA expression level showed a transient increase only at 24 hours after 
SW transfer, it resumed to pre-exposure level at the end of the two-week period 
(Singer et al., 2002). 
Abrupt SW transfer resulted in a prolonged elevated CFTR mRNA expression 
in the gill of brackish water-adapted killifish, but there was no detectable change in 
CFTR protein abundance, suggesting a post-transcriptional regulation of CFTR in 
response to ambient salinity shift (Scott et al., 2004). On the other hand, CFTR 
mRNA expression was reduced in FW but the protein abundance exhibited a sharp 
increase one day after the transfer, though the protein abundance finally returned to 
pre-transfer level after long-term (30 days) FW acclimation (Scott et al., 2004). 
In contrast, a recent study on FW striped bass, Morone saxatilis, demonstrated 
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that there was no significant change in gill CFTR mRNA and protein levels 
following SW transfer (Madsen et al.，2007). Thus, the effect of ambient salinities on 
CFTR expression remains unclear and more investigations are definitely essential. 
2.2.3.3. Immunocytochemical studies of CFTR 
As homologous antibody for teleost CFTR is still not available, commercial 
mammalian antibodies were commonly used for immunolocalization of CFTR in 
teleosts. Mickle et al. (2000) was the first to detect kfCFTR in gill and opercular 
epithelium by a mouse monoclonal anti-CFTR antibody. In that study, kfCFTR was 
found to co-localize with Hsp60, a mitochondrion-specific marker, a finding which 
confirmed that MRCs were the site of kfCFTR expression. 
A mouse monoclonal antibody specific to human CFTR (NeoMarkers Inc.) 
localized CFTR immunofluorescence on the apical crypts, a cup-shaped depression 
in the apical membrane, of CCs in gill arch section of 50% SW-adapted mudskipper, 
Periophthalmodon schlosseri (Wilson et al., 2000); but this antibody was found to be 
only useful with fixed/frozen tissue instead of fixed/paraffin-embedded tissue. 
Using an antibody with a known epitope of carboxy terminus of human CFTR 
(R&D Systems), SW-adapted killifish were shown to possess CCs in the opercular 
membrane with CFTR immunofluorescence exclusively localized in the apical region 
of the cells (Marshall et al., 2002a). There was no detectable kfCFTR 
immunofluorescence throughout the rest of the cytosol and nucleus. While in 
FW-adapted killifish, most of the CCs had diffuse kfCFTR immunofluorescence and 
appeared throughout the basal portions of the cells; among the CCs showing positive 
CFTR immunofluorescence, a minority (8.1%) of CCs also had strong apical crypt 
staining. There was also CFTR-positive immunostaining in pavement cells of 
FW-adapted tissues. When FW killifish were subjected to SW transfer, there was 
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increasing proportion of CCs showing both diffuse and punctuate distributions of 
CFTR. Marshall et al. (2002a) suggested a redistribution of CFTR from basal side to 
the apical membrane of MRCs during SW adaptation. It could be possible that CFTR 
was expressed in vesicles throughout the cytosol of CCs of FW killifish, serving as 
storage of CFTR for the future trafficking onto the apical membrane during SW 
adaptation. It was also possible that CFTR in FW tissues was actually present on the 
basolateral membrane and served the purpose of anion uptake and/or acid-base 
balance, since CFTR is also permeable to HCO3" (Linsdell et al., 1997). 
CFTR immunofluorescence was also detected in the gill of Hawaiian goby 
(Stenogobius hawaiiensis) using a mouse monoclonal antibody (R&D Systems). It 
was found that CFTR immunofluorescence was only present in CCs that were Na+， 
K+-ATPase positive. In SW-adapted gobies, CFTR immunoreactivity was intense and 
distributed around the apical pit of CCs. While in FW-adapted gobies, CFTR 
immunoreactivity was light and spread over a broad apical surface. Upon SW 
transfer, the number of CCs showing positive CFTR immunofluorescence increased 
and the mean CFTR staining intensity also increased significantly after SW exposure 
(McCormick et al., 2003). 
In contrast to killifish, mudskipper and Hawaiian goby, CFTR 
immunofluorescence was only present in the apical portion of CCs of SW-adapted 
glass eels {Anguilla spp.), whereas no CFTR immunofluorescence can be detected in 
FW-adapted glass eels (Wilson et al., 2004). 
Marshall et al. (2002) used a mouse anti-human CFTR antibody (R&D Systems) 
to study the distribution of CFTR in the intestine of SW killifish. CFTR 
immunofluorescence was localized on the basal portions in most of the enterocytes, 
but there was a minority of enterocytes showing CFTR immunofluorescence on the 
brush border as well as the basal portion of the cells. The small proportion of 
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enterocytes having apical distribution of CFTR implies a secretory function of these 
cells, as in human small intestine where CFTR was highly expressed in the apical 
crypts (Crawford, 1991). Hence, CFTR appeared to contribute to both CI" absorption 
and secretion in the teleost intestine (Marshall et al., 2002b). 
2.2.3.4. Regulation of CFTR 
As in the mammalian CFTR, stimulation of teleost CFTR in situ appeared to 
occur via cAMP and phosphorylation by PKA (Marshall and Singer, 2002). The low 
conductance CI" channel activity of primary gill cell culture of sea bass was increased 
by the application of PKA and ATP (Duranton et al., 1997). In primary cultures of 
opercular epithelium of killifish, after stimulation with dibutyryladenosine 3，， 
5'-cyclic monophosphate (db-cAMP), a membrane-permeant analogue of cAMP, and 
3-isobutyI-l-methylxanthine (IBMX), a phosphodiesterase inhibitor, there was an 
increase in the incidence of CI. channel in patches of killifish opercular epithelium 
and the occurrence of multiple copies of the channel increased from 2.2 to 38.5% of 
patches (Marshall et al., 1995). CI" secretion through the anion channel was rapidly 
activated by addition of 0.1 mM IBMX and 1.0 mM db-cAMP, as indicated by 
short-circuit current. 
The killifish opercular epithelium Cr secretion was inhibited by mucosal 
addition of 1.0 mM DPC; in contrast, addition of DIDS at 0.1 and 1.0 mM on the 
mucosal side had no effect on CI" secretion. Meanwhile, 1.0 mM NPPB produced a 
significantly larger inhibition in transepithelial CI" transport than DPC at the same 
concentration (Marshall et al., 1995). 
Serosal application of arginine vasotocin (AVT), a neurophypophyseal peptide, 
caused an immediate enhancement of CI" secretion, measured in short-circuit current, 
in primary gill cell culture of sea bass {Dicentrarchus labrax), while mucosal 
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application of DPC blocked the AVT-stimulated transepithelial CI" secretion (Avella 
et al.，1999). Isoproterenol, a p-adrenergic agonist, at 1.0 mM caused a rapid 
augmentation of cAMP in killifish opercular epithelium (Marshall, 2003). Serosal 
application of isoproterenol elicited a marked increase in short circuit current of CI" 
secretion, and the application of DPC rapidly blocked the CI" secretion (Avella et al., 
1999). 
Intestinal bag preparation from SW-adapted killifish normally showed a net 
absorption of fluid. Addition of ionomycin, db-cAMP and IBMX on the serosal side 
resulted in an increase in tissue conductance as well as short-circuit current within 
ten minutes; there was a significant increase in unidirectional CI" flux after an hour, 
and the net flux was changed from absorptive direction to secretion (Marshall et al., 
2002b). However, addition of db-cAMP and IBMX only, without ionomycin, also 
increased tissue conductance, short-circuit current and unidirectional CI' flux, the 
overall effect tended to increase the net CI' absorption only as the increase in 
unidirectional CI. flux was not marked enough to produce a net secretion, suggesting 
a role of Ca^ "^  ionophore on the production of net fluid secretion. If ionomycin was 
added alone to the serosal side of intestinal preparation, no change in the tissue 
conductance, short-circuit current and net CI— flux can be observed (Marshall et al., 
2002b). Addition of DPC to the apical side of intestinal bag preparation significantly 
reduced tissue conductance, short-circuit current and unidirectional CI" flux, while 
there was no change in all parameters after addition of DIDS (Marshall et al.，2002b). 
Apart from the rapid regulation of CI" secretion (via CFTR), the interrenal 
steroid Cortisol appeared to be a relatively slow-acting hormone that modulated 
CFTR mRNA expression in teleosts. Abrupt SW transfer from FW evoked a sharp 
increase in plasma Cortisol level one hour after the transfer (Marshall et al., 1999), 
which was followed by an elevation of kfCFTR mRNA expression eight hours after 
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the transfer (Singer et al.，1998). There was evidence of the presence of putative 
glucocorticoid-binding site consensus sequence in the upstream proximal promoter 
region of kfCFTR gene (Marshall and Singer, 2002). Cortisol implantation 
significantly elevated branchial CFTR I mRNA expression in FW-adapted Atlantic 
salmon smolts; but there was no effect of Cortisol on CFTR II expression level 
(Singer et al., 2003). On the other hand, a recent study revealed that Cortisol injection 
had no effect on CFTR mRNA expression in FW striped bass gill but there was an 
inhibitory effect of Cortisol, at dose at and above 100 ng/ml, on branchial CFTR 
expression in vitro (Madsen et al., 2007). Thus, the effect of Cortisol on CFTR 
expression remains controversial Incubation of gill tissues with insulin-like growth 
factor I (IGF-I) alone had no in vitro effect on CFTR expression, while gill tissues 
incubated together with Cortisol showed a reduction in the expression level; 
incubation with epidermal growth factor (EGF) alone or together with Cortisol 
inhibited CFTR expression in gill (Madsen et al., 2007). 
2.3 Osmoregulation in teleosts 
2.3.1. Importance of osmoregulation 
Teleosts can be found inhabiting almost all aquatic systems ranging from 
freshwater to hypersaline environment. In hypoosmotic condition, fish would suffer 
from severe ion depletion; whereas in hypersaline condition, fish would have excess 
ion entry. Crucial to the survival of fish in varying ambient salinity is the 
maintenance of ionic balance. This is achieved by osmoregulation involving several 
organs in teleosts, they include gill, opercular epithelium, intestine and kidneys. 
Gill is one of the major sites of osmoregulation in teleosts. Keys and Willmer 
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(1932) first described the presence of specialized chloride-secreting cells in the gills 
of SW eels. It has been known for some time that these mitochondrion-rich cells 
(MRCs), also known as chloride cells (CCs), are the site of salt secretion. CCs 
express various types of ion pumps, transporters and channels. Their expression 
levels would be changed in a parallel manner in response to salinity challenges, this 
implies that the coordinated action of multiple components in CCs plays a central 
role in seawater acclimation. 
2.3.2. Major components of chloride cells in marine teleosts 
2.3.2.1. Overview 
CCs are mainly located in the basal region of the secondary lamella of the 
teleost gill and in the opercular epithelium. Seawater CCs are named for its ability to 
secrete chloride ions (CI") actively from the basolateral side to the apical side of the 
cell (Marshall and Bryson, 1998). This CI" secretion is accompanied by a passive 
paracellular flow of sodium ions (Na+). In general, transepithelial CI" secretion is 
achieved by the four main transporters and channels located either on the basolateral 
or apical membranes (Marshall, 2002; Hirose et al., 2003; Evans et al., 2005; Hwang 
and Lee, 2007; Kaneko et al., 2008)，they are namely basolateral Na+- K+-adenosine 
triphosphatase (Na+，K+-ATPase)’ apical cystic fibrosis transmembrane conductance 
regulator (CFTR), basolateral Na+/K+/2Cr cotransporter (NKCC) and basolateral 
potassium (K+) channel. NaCl secretion in gill epithelium of SW teleosts involves 
basolateral Na+，K+-ATPase which provides the driving force, in the form of 
transmembrane Na+ gradient, for CI" entry across basolateral membrane via NKCC; 
apical CFTR transports CI" down its electrochemical gradient into SW, followed by 
passive Na+ secretion down its electrochemical gradient via paracellular pathway 
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between CCs and accessory cells; K+ are recycled across the basolateral membrane 
with a small amount of K+ being secreted passively (Evans et al., 1999; Marshall, 
2002). 
2.3.2.2. Sodium-potassium adenosine triphosphatase (Na+’ K+-ATPase) 
Na+，K+-ATPase is a heterodimeric molecule that is composed of two a subunits 
and two P subunits. The a subunit contains the catalytic domains necessary for a 
functional enzyme (Lingrel and Kuntzweiler, 1994) while the |3 subunit is thought to 
participate in anchoring the complex in the membrane (Noguchi et al., 1990). The 
first teleost catalytic a subunit of Na+，K+-ATPase was cloned from the white sucker 
{Catostomus commersoni) and its encoded protein shows a high degree of homology 
(>80%) in amino acid sequence compared with other vertebrates (Schonrock et al., 
1991). Different isoforms of Na+，K+-ATPase a subunit have been identified in the 
gills of euryhaline teleosts, including eel (Culter et al., 1995), tilapia (Hwang et al., 
1998)，salmonids (D'Cotta et al., 2000) and killifish (Semple et al., 2002), which 
may imply a differential regulation of various isoforms with respect to changing 
salinities. 
Na+，K+-ATPase generates the driving force for other transport processes 
operating in CCs and is a major source of ATP consumption (Marshall and Bryson, 
1998). It energizes salt transport across both absorptive and secretory epithelia by 
pumping out, for every molecule of ATP hydrolyzed, three Na+ ions in exchange for 
two K+ ions against their electrochemical gradients (Hirose et al., 2003). 
The sodium pump is highly expressed in CCs at mRNA and protein levels; and 
can be used as a marker for identifying CCs in tissue. Many studies have reported the 
adaptive changes of Na+，K+-ATPase at the transcriptional and translational levels in 
response to ambient salinities. Tilapia, Oreochromis mossambicus, developed more 
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functional Na+，K+-ATPase in CCs to meet physiological demands during salinity 
challenge (Dange, 1985; Lee et al.，2003). This enhanced expression of Na+， 
K+-ATPase was consistent with the increased size of CCs in seawater (Lee et al., 
2003). Ambient salinities also modulate the enzyme activity of Na+’ K+-ATPase. 
Exposure of killifish, Fundulus heteroclitus, to 35 ppt SW induced an increase in gill 
Na+，K+-ATPase activity three hours after transfer (Mancera and McCormick, 2000). 
Increase in branchial Na+, K+-ATPase activity in Atlantic salmon smolts firstly 
depended on increase in Na+，K+-ATPase a-mRNA abundance, followed by increase 
in Na+，K+-ATPase a-protein abundance which eventually led to synthesis of 
functional Na+，K+-ATPase (D'Cotta et al., 2000). 
A clear salinity-dependent expression of Na+, K^-ATPase has been demonstrated, 
and the expression of Na+, K+-ATPase a and p subunit genes and subunit proteins in 
gills were at the lowest level in silver sea bream (Spams sarba) adapted to 12 ppt 
condition, while the highest expression was found in gills of 50 ppt-adapted fish 
(Deane and Woo, 2004). A U-shaped relationship between Na+，K+-ATPase activity 
and environmental salinity was also described in silver sea bream, in which the 
lowest activities were found in fish adapted to hyposmotic condition and SW, with 
moderate activities in FW and hyperosmotic condition (50 ppt), while the highest 
activity was found in 70 ppt (Wong et al., 2006). Similar expression patterns were 
observed in sea bass (Jensen et al., 1998), black sea bream (Kelly et al., 1999b) and 
gilthead sea bream (Laiz-Carrion et al., 2005). 
2.3.2.3. Cystic fibrosis transmembrane conductance regulator (CFTR) 
As the current structural models predict, CFTR contains 12 transmembrane 
spans, two nucleotide binding folds, a large intracellular regulatory domain (R 
domain) possessing several putative phosphorylation sites for protein kinases A and 
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C, and a PDZ-binding motif at the very C terminus (Hirose et al., 2003). This CI" 
channel is the protein encoded by the gene whose mutation results in cystic fibrosis, 
a lethal autosomal recessive disease common in Caucasian population. Shortly after 
the identification of human CFTR gene (Riordan et al., 1989)，shark CFTR was 
cloned from the rectal gland of Squalus acanthias (Marshall et al., 1991). The first 
teleost CFTR CI" channel was cloned from the gill of SW-adapted killifish; at the 
nucleotide level the kfCFTR coding sequence is 62.2% identical to human CFTR and 
63.7% identical to shark CFTR (Singer et al., 1998). Atlantic salmon was the only 
teleost found to have two CFTR isoforms (Chen et al., 2001). 
CFTR is a plasma membrane cAMP-regulated CI" channel that belongs to the 
family of ATP-binding cassette (ABC) proteins and is gated in response to binding 
and hydrolysis of ATP (Hirose et al., 2003). In SW, the channel protein is confined to 
the apical membrane of CCs for extrusion of CI" across it (Marshall and Bryson, 
1998). Tissue-specific expression of CFTR was found to be present in the gill, 
opercular epithelium, intestine and, to a lesser extent, the brain (Singer et al., 1998). 
Marshall et al. (2002) demonstrated, by immunofluorescence histochemistry, CCs of 
FW-adapted killifish had diffuse CFTR immunofluorescence in the central part of the 
cytosol; while adapting to SW, CFTR redistributed slowly from the basolateral 
location to the apical membrane, consistent with the increase in ion secretory 
capacity. Following abrupt SW exposure of FW-adapted killifish, CFTR mRNA level 
was shown to rise nine-fold by 24 hours and gradually subsided to approximately 
three-fold after 28 days in SW (Singer et a l , 1998). 
2.3.2.4. Na+/K+/2Cr cotransporter (NKCC) 
NKCC belongs to the cation-chloride cotransporter family, it contains 12 
putative transmembrane domains flanked by large cytoplasmic N- and C-termini (Xu 
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et a l , 1994). An NKCC cDNA was first obtained from shark rectal gland, sequence 
analysis revealed that it was 74% identical to human NKCC in amino acid level (Xu 
et al., 1994). Through the analyses of the mammalian counterparts, two isoforms 
have been identified. 
For sustained transepithelial CI" secretion, the coordinated regulation of the 
basolateral NKCC and the apical CFTR is essential (Hirose et al., 2003). 
Functionally, NKCC promotes the intracellular accumulation of ions by coupling the 
electroneutral uptake of one Na+’ one K+ and two CI" ions (Isenring et al., 1998). In 
the secretory cell, cotransporter activity appears to be regulated by intracellular CI" 
level through a process involving direct phosphorylation of the transport protein 
(Lytle and Forbush, 1992). 
Cutler and Cramb (2002) have isolated two isoforms of NKCCl in the 
European eel; tissue distribution studies showed that NKCC la expression exhibited 
the highest abundance in pancreas, oesophagus, stomach and gill, with intermediate 
levels in the eye and low levels in the brain, heart, intestine and kidney; NKCC lb 
expression appeared to be present mainly in the brain (Cutler and Cramb, 2002). The 
effect of SW acclimation on NKCC la expression was investigated in sexually 
immature yellow European eel, a 5.9-fold increase in NKCC la mRNA abundance 
was found in gill three weeks after transfer to seawater; in contrast, there was an 80% 
decrease in NKCC la expression in sexually mature migratory silver eel, though the 
decrease was not significant statistically (Culter and Cramb, 2002). Following SW 
acclimation, the protein abundance of NKCC was upregulated in brown trout 
(Tipsmark et al., 2002)，tilapia (Wu et al., 2003), killifish (Scott et al., 2004) and 
striped bass (Tipsmark et al., 2004). 
Several studies described the co-localization of NKCC with other ion 
transporters during SW exposure. Following SW transfer, both NKCC and Na+， 
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K+-ATPase mRNA expression as well as protein abundance were significantly higher 
in Atlantic salmon (Tipsmark et al., 2002). Redistribution of NKCC from eccentric 
cytosolic location to a diffuse basolateral location following SW transfer was 
reported; while CFTR was redistributed from diffuse subapical location to the apical 
membrane of CCs of killifish opercular epithelium (Marshall et al., 2002). 
McCormick et al. (2003) investigated the influence of salinity on immunolocalization 
of Na+，K+-ATPase，NKCC and CFTR in the gills of the Hawaiian goby acclimated 
to FW and SW for ten days. Na+，K+-ATPase and NKCC were localized specifically 
to CCs and distributed throughout the cell except the nucleus and the most apical 
region; following SW exposure, there was a slight increase in CCs number and size 
showing Na+，K+-ATPase and NKCC immunofluorescence, but the staining 
intensities exhibited a slight decrease; on the other hand, CCs showing CFTR 
immunofluorescence exhibited a great increase in number, size and staining intensity 
following SW exposure (McCormick et al., 2003). 
2.3.2.5. Potassium (K+) channel 
Suzuki et al. (1999) cloned a K+ channel which belongs to the inward rectifier 
K+ channel (Kir) family from eel gills. Kir channel is a tetramer composed of four 
identical or related subunits, each has two transmembrane spans linked by a 
pore-forming hairpin loop (Reimann and Ashcroft, 1999; Sansom et al., 2002). 
For transepithelial CI" secretion energized by Na+，K+-ATPase，a K+ channel that 
recycles K+ is necessary, otherwise the operation of ion-transporting system would 
become unable to continue because of unlimited accumulation of K+ inside the cell 
(Hirose et al., 2003). Both K+ channel and Na+’ K+-ATPase are confined to the same 
basolateral membrane, suggesting their functional coupling in CCs (Suzuki et al., 
1999). 
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Kir mRNA expression was highly tissue-specific, strong Kir mRNA expression 
was detected in the gill, posterior intestine and kidney but not in the other tissues 
examined; comparison between the FW- and SW-adapted eel indicated that there was 
a threefold increase in the Kir mRNA expression during seawater acclimation 
(Suzuki et al., 1999). 
2.4 Endocrine control of osmoregulation 
2.4.1. Overview 
The neuroendocrine system acts as the primary link between environmental 
change and physiological response in osmoregulation (McCormick, 2001). Evidence 
of hormonal control of Na+，K+-ATPase and CCs in teleosts have accumulated since 
the last century, indicating the crucial role of hormones in teleost osmoregulation. 
Among the various types of hormones, growth hormone (GH), insulin-like growth 
factor (IGF-I), prolactin (PRL) and Cortisol are the most well-documented hormones 
involved in regulation of salinity tolerance, ion transporter expression as well as 
morphological change of CCs. Cortisol has been regarded as the SW-adapting 
hormone in teleosts, while PRL as the FW-adapting hormone. GH is an important 
hormone during SW acclimation, some actions of GH were found to be mediated 
through IGF-I. Synergic effect of GH and Cortisol on increasing salinity tolerance 
was demonstrated in salmonids, probably involving upregulation of corticosteroid 
receptors in gill. The osmoregulatory actions of GH and PRL are antagonistic with 
each other. Cortisol also promotes ion uptake in FW and interacts with prolactin 
during FW acclimation. Thus, Cortisol is said to be having a dual function in 
osmoregulation (McCormick, 2001). • 
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2.4.2. Growth hormone (GH) and insulin-like growth factor I (IGF-I) 
2.4.2.1. Role of GH in osmoregulation 
Early evidence for an importance of GH in SW acclimation comes from studies 
on exogenous GH treatment of salmonids. Komourdjian et al. (1976) demonstrated 
that long-term GH treatment increased both the size and salinity tolerance of Atlantic 
salmon (Salmo salar) parr. Ovine GH administration for 72 days increased the 
survival rate of amago salmon {Oncorhynchus rhodurus) parr after SW transfer, and 
kept a lower plasma osmolality and plasma sodium concentration ([Na+]) (Miwa and 
Inui, 1985). However, the enhanced salinity tolerance in salmon parr may be 
associated with larger body size through the growth-promoting effect of GH. 
The SW-adapting action of GH, which was independent of growth, was studied 
by Bolton et al. (1987) over a short experimental period so that any observed 
SW-adapting action of GH could not be explained by any change in body size. 
Exogenous GH injection for two days significantly reduced plasma Na+ level after 
SW transfer in rainbow trout (Salmo gairdneri), regardless of the effect on body size 
(Bolton et al., 1987). Hypophysectomy reduced branchial Na+, K+-ATPase activity of 
coho salmon (Oncorhynchus kisutch) following SW exposure; whereas ovine GH 
injection restored the reduction in branchial Na+，K+-ATPase activity in 
hypophysectomized coho salmon (Bjomsson et al., 1987). Bovine GH treatment 
increased gill Na+，K+-ATPase activity in premolts and desmolts of coho salmon 
{Oncorhynchus kisutch) (Richman III and Zaugg, 1987). Treatment with ovine GH at 
2.0 |ig/g for 14 days partially increased the salinity tolerance of sea trout parr (Salmo 
trutta trutta) through increased gill Na+，K+-ATPase activity and interlamellar CC 
density (number and size of CCs) (Madsen, 1990). 
Other evidence such as circulating and pituitary hormone levels as well as 
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discovery of receptors in osmoregulatory organs also supported the role of GH in SW 
acclimation. During smoltification of coho salmon, plasma GH level was 
significantly increased (Sweeting et al.，1985). SW transfer significantly evoked a 
rise in GH content in pituitaries of FW-adapted tilapia (Borski et al.’ 1994). However, 
such a correlation of increasing plasma GH level with increasing ambient salinities 
was not apparent in sea bream. Instead, pituitary GH transcript (Deane and Woo, 
2004) and protein abundance (Deane and Woo, 2006) were the highest in sea bream 
adapted to iso-osmotic (12 ppt) condition. GH receptors were identified with high 
abundance in liver, with moderate amounts in ovary, brain; gill, intestine and 
posterior body kidney (Sakamoto and Hirano, 1991)，implying a possible 
responsiveness of GH in these tissues. Transfer of rainbow trout {Oncorhynchus 
mykiss) from FW to 80% SW evoked a rise in plasma GH concentration, total GH 
binding sites in liver also increased significantly 14 days after transfer (Sakamoto 
and Hirano, 1991). 
Most of the previous studies on elucidating the role of GH on teleost 
osmoregulation were conducted with salmonids. Subsequent studies found that the 
action of GH in SW adaptation was not only restricted to salmonids, but also in 
tilapia (Oreochromis mossambicus). CC density in the opercular epithelium of FW 
tilapia almost doubled after homologous recombinant GH treatment over 44 days 
(Flik et al., 1993). GH reduced plasma osmolarity and increased gill Na+, K+-ATPase 
activity in hypophysectomized tilapia after SW transfer (Sakamoto et al., 1997). On 
the other hand, studies of GH on other species, such as sea bream, did not show a 
consistent result as in salmonids (Deane and Woo, 2009). In silver sea bream (Spams 
sarba), there was no alteration in branchial Na+，K+-ATPase a-mRNA abundance 
(Deane et al., 1999) as well as branchial and intestinal Na+, K+-ATPase activities 
(Kelly et al.，1999a) following rbGH treatment; though elevated CC apical area, 
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fractional area and exposure numbers were observed in SW sea bream injected with 
GH (Kelly et al.’ 1999a). In another sea bream, gilthead sea bream {Spams aurata 
L.)’ oGH treatment exerted no influence on gill Na+，K+-ATPase activity and plasma 
osmolarity (Mancera et al., 2002). While the role of GH on other teleost species 
remains unclear, further investigations are generally needed. 
2.4.2.2. Mediation through IGF-I 
Insulin-like growth factor (IGF-I) is a potential mediator of the 
growth-promoting and osmoregulatory actions of GH in salmohids (McCormick et 
al., 1991). Injection of ovine GH and bovine IGF-I both improved the 
hypo-osmoregulatory ability of rainbow trout after SW exposure by reducing plasma 
osmolarity and Na+ level, but the effect of IGF-I was more pronounced in 
IGF-I-treated trout (McCormick et al., 1991). IGF-I mRNA levels in liver, gill and 
body kidney increased significantly after GH injection to rainbow trout (Sakamoto 
and Hirano, 1993). Transfer of rainbow trout from FW to 80% SW evoked an 
increase in plasma GH level after one day, IGF-I mRNA was not altered in liver, but 
it was increased in the gill and body kidney after one and eight days respectively 
(Sakamoto and Hirano, 1993). These observation indicated that IGF-I gene was 
expressed differently among these organs during SW adaptation and it was possible 
that GH stimulated hypoosmoregulatory ability by inducing local expression in IGF-I 
in osmoregulatory organs (Sakamoto and Hirano, 1993). Gill Na+’ K+-ATPase 
activity was unaffected by in vitro treatment of IGF-I，but in vivo treatment of GH 
induced gill tissue sensitivity to IGF-I in vitro, which exhibited a stimulatory effect 
on gill Na+，K+-ATPase activity (Madsen and Bern, 1993). 
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2.4.2.3. Synergic effect with Cortisol 
SW transfer resulted in considerable (50%) mortality in FW-adapted sea trout 
parr; but GH injection together with Cortisol successfully increased the survival of 
fish in SW; injection of GH and Cortisol together exhibited higher gill Na+， 
K+-ATPase activity and interlamellar CC density than any hormone injection alone 
(Madsen, 1990). This synergic effect of GH and Cortisol may probably be due to 
upregulation of corticosteroid receptors by GH. GH injection significantly increased 
corticosteroid receptor concentration in the gill of coho salmon which may increase 
the responsiveness of the gill to Cortisol stimulation, accounting for the synergistic 
effect of these hormones (Shrimpton et al., 1995). GH and Cortisol significantly 
increased gill Na+，K+-ATPase activity and salinily tolerance of Atlantic salmon, 
when GH and Cortisol were administered together, they acted in synergy 
(McCormick, 1996). NKCC abundance was also shown to be upregulated by GH and 
Cortisol, and both hormones together produced a greater affect than either hormone 
alone (Pelis and McCormick, 2001). 
2.4.3. Prolactin (PRL) 
2.4.3.1. Role of PRL in osmoregulation 
Since the pioneer work of Pickford and Philips (1959) demonstrated the ability 
of PRL to maintain survival of hypophysectomized killifish in FW, PRL has been 
recognized as an important hormone with respect to ionic regulation during FW 
acclimation in teleosts. PRL generally exerts its Na+-retaining action in teleosts. PRL 
injection produced a 75% reduction of Na+ efflux across the gill of SW-adapted 
tilapia, whereas the intestinal absorption of salt and water was also reduced 
(Dharmamba and Maetz, 1976). PRL strongly inhibited the short circuit current and 
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transepithelial tissue conductance of opercular membrane of SW-adapted tilapia 
(Foskett et al.’ 1982); the authors postulated that PRL may inhibit CI" secretion by 
reducing the number of existing CCs or by blocking the differentiation of new CCs. 
Though the critical role of PRL was prominent in the survival of killifish in FW, 
the role of PRL in other teleosts remained controversial. As in the rainbow trout, 
hypophysectomized fish can still survive well in FW (Donaldson and McBride, 
1976). Generalization of the effect of PRL, especially Na+，K+-ATPase activity, on 
osmoregulatory organs is also difficult to elucidate as previous studies have shown a 
confusing picture of the effects of PRL on branchial Na+，K+-ATPase activity. 
Branchial Na+, K+-ATPase activity was decreased with PRL injection in 
hypophysectomized FW-acclimated killifish (Pickford et al., 1970). PRL injection 
also reduced branchial Na+，K+-ATPase activity in FW rainbow trout, showing an 
antagonism of the actions of PRL and GH (Madsen and Bern, 1992). Conversely, 
during smoltification of Atlantic salmon, PRL treatment increased gill Na+， 
K+-ATPase activity in FW presmolts (Boeuf et al., 1994). On the other hand, 
injection of salmon PRL to FW-adapted brown trout had no effect on both a-subunit 
of Na+，K+-ATPase activity and mRNA expression (Madsen et al., 1995). 
Nevertheless, other evidence still exists to support the role of PRL in FW 
acclimation in fish. Water ingestion stopped in PRL-treated tilapia in SW 
(Dharmamba and Maetz, 1976). The PRL-secreting cells in pituitary were large and 
contained large secretory granules in FW-adapted tilapia, whereas a reduced granule 
size in PRL-secreting cells was observed in SW (Dharmamba and Nishioka, 1968). 
Pituitary and serum levels of PRL displayed a drastic increase following FW 
adaptation (Nicoll et a l , 1981). Two forms of PRL (tiPRLi and tiPRLn) were 
identified in tilapia; their circulating levels were sharply reduced after transfer from 
FW to brackish water transfer (Auperin et al., 1994a; Auperin et al., 1995) and 
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pituitary tiPRLi level also reduced (Auperin et al., 1994a). Only one class of PRL 
receptor has been described in tilapia irrespective of the ambient salinities (Auperin 
et al., 1994b; Auperin et al., 1995); and the number of PRL receptor increased after 
brackish water transfer. 
As in the aforementioned study of Foskett et al , 1982, PRL also exerted its 
effect on modulating the morphology of CCs. Inhibition of CI" secretion in SW 
tilapia by PRL treatment may involved reducing the number of existing CCs or by 
blocking the differentiation of new CCs. Two types of chloride cells, namely a and (3 
cells, were identified in the gill epithelium of FW-adapted guppies, the a-chloride 
cells were located at the base of the secondary lamella, whereas the P-chloride cells 
were located in the interlamellar regions of primary epithelium (Pisam et al., 1987). 
During SW adaptation, the a-chloride cells increased in size and progressively 
transformed into "SW a-chloride cells" and the p-chloride cells were degenerated 
(Pisam et al., 1986). Interestingly, reappearance of p-chloride cells was observed in 
SW-adapted tilapia following PRL injection (Pisam et al., 1993)，certainly defining a 
role of PRL in morphological change of CCs. 
In silver sea bream, CC apical area, fractional area and exposure numbers were 
reduced in fish injected with PRL in hyposmotic condition (Kelly et al., 1999a), 
while in SW, CC number was unaffected by PRL. Intestinal Na+，K+-ATPase activity 
was elevated in SW-adapted sea bream injected with PRL (Kelly et al., 1999a). 
Deane et al. (1999) demonstrated that PRL caused a significant reduction in mRNA 
expression of a-subunit of Na+，K+-ATPase in both seawater and hypo-osmotic 
environment. oPRL administration also caused a significance decrease in branchial 
Na+，K+-ATPase activity regardless of salinity (Kelly et al” 1999a). However, in vitro 
PRL treatment did not modulate Na+，K+-ATPase a and p subunits transcripts 
abundance as well as the protein abundance and the overall enzyme activity in any 
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doses (Deane and Woo, 2005). A recent study indicated a significant increase in 
pituitary PRL level in silver sea bream adapted to FW and hyposmotic environment 
(Kwong and Woo, 2008). Abrupt transfer of SW-adapted silver sea bream to 
hyposmotic condition triggered a drastic decrease in pituitary PRL level six hours 
after the transfer (Kwong et al.’ 2009), suggesting a rapid increase in release of PRL 
into the circulation. These studies certainly indicated the importance of PRL in 
osmoregulation in silver sea bream. 
2.4.3.2. Synergic effect with Cortisol . 
An interaction between prolactin and Cortisol in FW acclimation has been 
proposed (McCormick, 2001). Injection of PRL in combination with Cortisol resulted 
in a greater elevation of plasma osmolality than either hormone alone in 
hypophysectomized channel catfish (Eckert et al., 2001). Treatment of PRL together 
with Cortisol had a greater effect on increasing transepithelial resistance and reducing 
ion efflux rate in cultured branchial epithelia of rainbow trout (Zhou et al., 2003). 
2.4.4. Cortisol 
2.4.4.1. Role of Cortisol in osmoregulation 
Cortisol is a major corticosteroid in teleosts involved in SW osmoregulation. It 
was the first hormone shown to stimulate branchial Na+，K+-ATPase activity 
(McCormick, 1995). Cortisol treatment increased Na+，K+-ATPase activity in gill, 
kidneys and intestinal mucosa of hypophysectomized killifish (Pickford et al., 1970). 
Cortisol also induced a rise in Na+，K+-ATPase activity in gill and intestinal mucosal 
of FW eels {Anguilla rostrata) (Epstein et al., 1971). In salmonids, Cortisol treatment 
caused a rise in plasma Na+ level during SW transfer of desmolts of coho salmon; in 
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addition, an increase in gill Na+, K+-ATPase activity and CC density were observed 
in presmolts following Cortisol treatment (Richman III and Zaugg, 1987). 
Stimulation of gill Na+, K+-ATPase activity and elevation of interlamellar CC density 
in FW-adapted sea trout parr were observed (Madsen, 1990). Laurent and Perry 
(1990) postulated that the enhanced Na+ and C1+ influxes in cortisol-treated FW 
rainbow trout were accomplished by proliferation of branchial CCs, as observed in 
the increase in number and apical surface area of gill CCs. Cortisol was also 
suggested to be required to regulate ion and water movement across the intestinal 
epithelium of FW fish (Hirano et al., 1975). Cortisol injection also shown to improve 
the ability to maintain plasma osmolality and increase branchial Na+’ K+-ATPase 
activity in killifish transferred from brackish water to SW (Mancera and McCormick, 
1999). 
In vitro stimulation of gill and opercular membrane Na+，K+-ATPase by Cortisol 
was demonstrated in coho salmon (McCormick and Bern, 1989), indicating the direct 
effect of Cortisol on these tissues. Cortisol evoked an increase in Na+, K+-ATPase 
activity of FW tilapia opercular epithelium, in vitro Cortisol treatment also 
maintained the size, density and appearance of CCs from SW tilapia opercular 
epithelium (McCormick, 1990). Thus, Cortisol was probably involved in controlling 
CC differentiation but not proliferation of CCs (Sakamoto and McCormick, 2006). 
2.4.4.2. Dual functions of Cortisol 
Early studies identified Cortisol as a SW-adapting hormone, as indicated by its 
effect on stimulating Na+, K+-ATPase activity and proliferation of CCs. Moreover, 
Cortisol in combination with GH exerted synergic effect on SW acclimation as 
mentioned in 2.4.2.3. than either hormone alone. Cortisol and IGF-I also showed 
additive effect on stimulating Na+，K+-ATPase activity and a-mRNA abundance in 
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gills of brown trout (Seidelin et al.，1999). Besides, evidence also suggested an 
important role of Cortisol for ion uptake. Elevated influx of Na+ and CI" was observed 
in FW rainbow trout following Cortisol treatment (Laurent and Perry, 1990). Cortisol 
treatment significantly increased the ion regulatory capacity of gilthead sea bream 
during brackish water adaptation (Mancera et al., 1994). Other evidence supporting 
the synergic effect of PRL and Cortisol has been discussed in 2.4.3.2. 
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Chapter 3 Cloning and tissue distribution of silver sea bream CFTR gene 
3.1 Introduction 
CFTR gene was first cloned in human in 1989 by Riordan et al. (1989) and this 
study has opened the molecular research on this protein. Later on, scientists 
discovered the presence of this protein was not only restricted to human or mammals 
but also found in aquatic animals. Killifish is the first teleost to be identified with a 
CFTR homologue exhibiting a coding sequence with 62.2% identity to human CFTR 
gene. Sequence analysis revealed that the R domain of killifish CFTR (kfCFTR) 
homologue was the least conserved domain while the nucleotide-binding domains 
showed the highest similarity with human CFTR. 
In mammalian systems, the CFTR gene is expressed primarily in epithelial cells, 
a pattern which is expected and based on the pathology of the disease. By Northern 
blot analysis of total RNA, CFTR mRNA was detected at relatively high levels in the 
pancreas and nasal polyps and at lower levels in lung, liver, testis and sweat gland 
(Strong and Collins, 1993). Analysis of RNA by the polymerase chain reaction (PGR) 
provided a more sensitive way of detecting CFTR transcripts. Several organs that are 
not usually associated with pathogenesis in the cystic fibrosis patients express CFTR 
transcripts, these included stomach, intestine, retina, keratinocytes and kidney 
(Strong and Collins, 1993). 
In fish, CFTR is expressed at high levels in the gill, opercular epithelium, and 
intestine of seawater-adapted killifish, with moderate expression in the brain. Low 
levels of expression, at least 20-fold less than the gill, were detected in kidney, liver, 
spleen, ovary and testes. No expression was detected in either the eye and heart 
tissue (Singer et al., 1998). 
36 
To investigate chloride transport at the molecular level, we have to identify the 
presence of CFTR in the experimental animal. In this study, CFTR homologue was 
cloned from the gills of silver sea bream. From the partial sequence of silver sea 
bream CFTR cDNA, oligonucleotides were designed for specific amplification of 
certain regions of CFTR gene, the subsequent quantification of which would provide 
useful information about the expression of CFTR under different physiological 
conditions. CFTR is an anion transporting channel in mammalian systems, and is 
responsible for the transport of a number of anions including the transport of Cr ions 
(Riordan, 1993). Since CI" transport is an important element in piscine 
osmoregulatory processes, we hypothesize that CFTR is present in the 
osmoregulatory organs of fish, such as gill, opercular epithelium, intestine, kidney 
and urinary bladder. Knowledge of the distribution of CFTR in different tissues may 
provide some preliminary information about its role in those tissues, including a 
possible osmoregulatory role of CFTR in the osmoregulatory epithelia. Towards this 
aim, we studied the expression pattern of CFTR in silver sea bream {Spams sarba) 
using PCR analysis of total RNA isolated from different tissues of seawater 
(SW)-adapted fish. Previous studies on several other euryhaline fish species such as 
the killifish (Singer et al., 1998) have demonstrated abundant expression of CFTR in 
the osmoregulatory tissues and implicate a possible role of CFTR in the piscine 
osmoregulatory machinery. 
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3.2 Materials and methods 
3.2.1. Part A: Cloning of silver sea bream CFTR gene 
3.2.1.1. Fish and culture conditions 
Silver sea bream (Spams sarba) were obtained from local sea cages. They were 
kept in a recirculating seawater system in the Simon S. R Li Marine Science 
Laboratory, The Chinese University of Hong Kong. Fish were fed daily with a 
formulated diet according to Woo and Kelly (1995) and were allowed to acclimate to 
seawater for at least four weeks and feeding was terminated 24 hours prior to 
sacrifice. 
3.2.1.2. Sampling of fish 
Fish were killed by spinal transection and the branchial basket was removed. 
Gill filaments were collected and stored in 500 |xl of Tri-Reagent (Molecular 
Research Center, Cincinnati, OH) until analysis. 
3.2.1.3. Preparation of first strand cDNA 
Gill samples were homogenized using homogenizer (IKA Labortechnik, 
Germany). 100 |LI1 chloroform was added to each homogenate and the mixture was 
incubated at room temperature for ten minutes. The mixture was centrifuged at 
13,500 rpm at 4。C for 15 minutes. 200 |il supernatant was collected, same volume of 
isopropanol was added and the mixture was incubated at room temperature for 15 
minutes. The mixture was centrifuged at 13,500 rpm at 4°C for 15 minutes. The 
pellet was retained and rinsed with 500 |Lil 70% DEPC-treated ethanol. After 
removing the ethanol, 12 |il DEPC-treated water was added to each pellet until 
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dissolved. The DNA content in the samples were quantified by spectrophotometry, in 
which the total RNA concentration was determined by measuring absorbance at 
260 nm and RNA purity was assessed using the ratio of absorbance at 260 nm: 
absorbance at 280 nm, and qualitatively assessed by gel electrophoresis using 2% 
agarose gel, and qualitatively assessed by gel electrophoresis using 2% agarose gel. 
5000 ng of total RNA from each sample was used for synthesis of first strand cDNA. 
DEPC-treated water was added to each RNA sample at a final volume of 10 \l\. 1 )LI1 
DNase I (Invitrogen, Carlsbad, CA) and 1.2 |il lOX DNase I buffer (Invitrogen， 
Carlsbad, CA) were added to each RNA sample and incubated at room temperature 
for 15 minutes. 1 |jJ EDTA (Invitrogen, Carlsbad, CA) was added to stop the action 
of DNase, this mixture was heated at 65°C for 15 minutes. 1.1 jil oligo dT primer 
was added and incubated at 70°C for five minutes. Finally, 4 |il of 5X first strand 
buffer with 1 |LI1 MULV Reverse Transcriptase (Gibco-BRL, Gaithersburg, MD; 200 
U/|Lil) and 1 |Lil of dNTP mix (10 mM, Pharmacia, LKB) was added. The mixture was 
incubated at 42°C for two hours. The reaction was stopped by heating at 70°C for ten 
minutes. 
3.2.1.4. Design of primers 
To detect the gene expression of CFTR in silver sea bream, a semi-quantitative 
reverse transcriptase polymerase chain reaction (RT-PCR) approach was used. 
Gene-specific oligonucleotides primers were designed by PrimerS program based on 
several cloned teleost CFTR homologues (killifish, Accession No. AF000271, Singer 
et al.，1998; fugu, Accession No. AJ271361, Davidson et al.，2000; Atlantic salmon, 
Accession No. AF155237 and AF161070, Chen et al., 2001; puffer fish, Accession 
No. AE017192, Thomas et al., 2003). Sequences with high homology among teleosts 
were selected for design of primers. The following primer sets were used to amplify 
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specific region of silver sea bream CFTR gene. 
R domain: 
Forward 5'-CCTTTTACCCACCTGGACCT-3' 
Reverse 5，-CCTCCTCTACCTG ATCGTCCT-3 ‘ (product size = 583 bp) 
Nucleotide-binding domain 2: 
Forward 5 ’ - ATGCGGCCTTAC ATCTTC AT-3 ‘ 
Reverse 5 ’ -GCCTTGCTG AGG ATGG AG-3 ’ (product size = 1043 bp) 
Membrane spanning region: 
Forward 5'-ATGCAGAAGTCACCAGTGGA-3' 
Reverse 5，- ACC AGG ATGGC AGAG A AG A A-3 ‘ (product size = 953 bp) 
Nucleotide-binding sequence 2: 
Forward 5，- ATCTCC ATCG ACGGCGTTT-3， 
Reverse 5 ‘ -CCTTC A ATC ATC AGG A AGG A-3 ‘ (product size = 455 bp) 
R domain to membrane spanning region: 
Forward 5'-GGGGTTCGTGAACTTTCTGA-3' 
Reverse 5 ‘ - ATG ATTCGGCCTGTCTTC AT-3 ‘ (product size = 780 bp) 
3.2.1.5. Semi-quantitative reverse transcriptase (RT)-PCR 
The resultant cDNA template was used for the PGR reaction. cDNA template 
was diluted 1.5 fold with PGR water. PGR reactions (20 ^il) containing 3 of diluted 
first-strand cDNA, 0.08 |il of Taq DNA polymerase, 2 jil of MgC^ (25 mM), 2 of 
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reaction buffer, 0.4 [i\ of dNTP mix (10 mM), and 0.2 |il of each primer (20 pM) 
were prepared. PGR amplification was performed using a Thermal Cycler (Takara 
Bio Inc., Japan). Thermal cycling was performed according to the following protocol: 
30 seconds denaturation at 94°C, followed by 30 seconds annealing at 60°C, 
followed by a 1-minute extension step at 72°C for 30 cycles. PGR products were 
separated according to size by gel electrophoresis in 2% agarose gels with ethidium 
bromide staining. The PGR products were visualized by ultraviolet illumination and 
quantified by densitometry using QuantityOne software (Bio-Rad). 
3.2.1.6 Cloning 
PGR products of appropriate sizes were subcloned into a TA cloning kit 
(Invitrogen). Bacteria {Escherichia coli) were allowed to grow on agar plate, 24 
hours later they were subjected to screening to determine the size of the inserted 
sequence. If the size of the inserted sequence was correct, the bacteria were grown on 
LB broth to further increase the number of copy, and finally the plasmids were 
extracted. Plasimds were cycle sequenced using an ABI PRISM dye terminator kit 
with reaction products run on an ABI 310 Genetic Analyzer (Perkin Elmer, Wellesley, 
MA). The clones were sequenced on both strands and sequence data were analyzed 
using ClustalW multiple sequence alignment program. 
3.2.2. Part B: Tissue distribution of CFTR in silver sea bream 
3.2.2.1. Fish and culture conditions 
Silver sea bream {Spams sarba) were obtained from local sea cages. They were 
kept in a recirculating seawater system in the Simon S. F. Li Marine Science 
Laboratory, The Chinese University of Hong Kong. Fish were fed daily with a 
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formulated diet according to Woo and Kelly (1995) and were allowed to acclimate to 
seawater (SW, 33 ppt) for at least four weeks and feeding was terminated 24 hours 
prior to sacrifice. 
3.2.2.2. Tissue sampling 
Fish were removed from the seawater tank and whole blood was withdrawn 
from the caudal vessel by heparinized syringes. One drop of blood was put into 500 
|il Tri-Reagent (Molecular Research Center, Cincinnati, OH). Fish were immediately 
killed by spinal transection. Brain, pituitary, gill, opercular" epithelium, anterior 
intestine, stomach, posterior intestine, spleen, urinary bladder, liver, kidney, heart, 
gonad and muscle were removed and stored in 500 \i\ Tri-Reagent until analysis. 
3.2.2.3. Preparation of first strand cDNA 
The procedure was the same as those previously described in section 3.2.1.3. 
3.2.2.4. Design of primers 
Oligonucleotides specific to silver sea bream CFTR were designed using the 
Primers program from the partial sequence of silver sea bream CFTR obtained 
(GenBank accession no. EF017215). The region responsible for the R domain was 
chosen as it is unique to CFTR but not in other members of the ABC superfamily of 
transporters. The primers had the following sequences. 
Forward 5，-GTC ACC AGC AAGTTTG AGC A-3， 
Reverse 5 ‘ -CGGGTACC AC AG AG A ATTTCC-3' (product size = 478 bp) 
The primer set for amplication of p-actin, serving as the house-keeping gene in 
the experiment, was previously described (Deane et al., 1999) with the following 
sequence. 
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Forward 5 ‘ -TC ACC A ACTGGG ATG AC ATG-3 ‘ 
Reverse 5，-ATCCACATCTGCTGGAAGGT-3 ’ (product size = 800 bp) 
3.2.2.5. Semi-quantitative reverse transcriptase (RT)-PCR 
The resultant cDNA template was diluted 2.5-foId. PGR reactions (20 |il) 
containing 3 jil of diluted first-strand cDNA from each tissue, 0.08 j^ l of Taq DNA 
polymerase, 2 |xl of MgCl2 (25 mM), 2|il of reaction buffer, 0.4 |il of dNTP mix 
(lOmM), and 0.2 \il of each primer (20 pM) were prepared. PCR amplification was 
performed using a TaKaRa PCR Thermal Cycler Dice™ (TaKaRa Bio USA Inc.) 
with cycle parameters of 30 seconds denaturation at 94°C, followed by 30 seconds 
annealing at 60。C，followed by a 30-second extension step at 72°C for 31 cycles. 
Before initiating experiments, the linear range of the PCR for the primer set was 
determined. These cycling parameters (31 cycles, 60°C annealing) were chosen to 
ensure that the set of primer resulted in reactions that were within the exponential 
amplification phase of the PCR for all templates. PCR products were separated 
according to size by gel electrophoresis in 2% w/v agarose gel and stained with 
ethidium bromide. The PCR products were visualized by ultraviolet illumination and 
quantified by densitometry using Quantity One software (Bio-Rad). 
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3.3 Results 
3.3.1. Part A: Cloning of silver sea bream CFTR gene 
Three CFTR fragments were obtained in the cloning experiment. Fragment A 
(721 bp) included some of the membrane spanning regions (Fig. 3.1.). Fragment B 
(1278 bp) included part of the R domain and part of the membrane spanning regions 
(Fig. 3.2.), and the sequence contributing to the R domain has been deposited in 
GenBank with the Accession No. EF017215. Fragment C (1022 bp) included part of 
the nucleotide-binding domain 2 (Fig. 3.3.). Figure 3.4. shows the multiple sequence 
alignment of all the available teleost CFTR cloned homologues, included killifish, 
fugu, salmon, puffer fish and silver sea bream. 
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0 GATGCAAACT TTTTATCCAA ATTTTTCTTC TGGTGGATGT CACCGCTGCT 
50 GAGGAAGGGC TTCAGAAAGA AGCTGCAGCT GTCAGATGTT TATAAGGCTC 
100 CTTCTTTTGA TCTGGCAGAC AACCTCTCTG AGAGACTCGA AAGAGAATGG 
150 GACAGAGAGG TGGTGTCGGC CAAGAACCAG CCCAGGCTAT TGAGAGCGCT 
200 GGCCCGCTGC TTCCTCGGAC CTTTCGCCTT CTTTGGTATC CTTCTCTACC 
250 TCGGGGAGGC TTCCAAGACA GTGCAGCCTC AGCTTCTGGG TCGCATCATC 
300 GCCTCCTTTG ACCCATTCCA CGCTCCTGAG CGGAGTCAGG GATACTTCCT 
350 AGCTCTGGGT CTCTGCCTCC TATTCACTGC CCGCTTCCTC CTGCTGCAAC 
400 CTGCCATCTT TGGCCTGCAT CACCTGGGCA TGCAAATCCG CATCGCTCTT 
450 TTCAGTCTCA TATACAAGAA GACCCTGAAG CTGTCCAGCC GGGTCTTGGA 
500 TAAGATCAGC ACTGGTCAGC TGGTCAGTCT AATGTCAGCC CACCTCAACA 
550 AGCTGGATGA GAGTTTAGGT CTGGCCCATT TCGTATGGAT CACTCCCCTG 
600 CAGTGTATAC TGTGTGTGGG TCTGATATGG GAGCTGATCG AGGTGAATGG 
650 CTTTTGCGCG TTGGCTGCTC TGACTCTGCT GGGTATCATC CAGGCGTGGC 
700 TCACACAGAA GATGGGACCA CATCGGGTGA AGCGAGGAGG GATGATCAAC 
750 CGCCGCCTGG CTCTCACTTC A 
0 DANFLSKFFF WWMSPLLRKG FRKKLQLSDV YKAPSFDLAD NLSERLEREW 
50 DREWSAKNQ PRLLRALARC FLGPFAFFGI LLYLGEASKT VQPQLLGRII 
100 ASFDPFHAPE RSQGYFLALG LCLLFTARFL LLQPAIFGLH HLGMQIRIAL 
150 FSLIYKKTLK LSSRVLDKIS TGQLVSLMSA HLNKLDESLG LAHFVWITPL 
200 QCILCVGLIW ELIEVNGFCA LAALTLLGII QAWLTQKMGP HRVKRGGMIN 
250 RRLALTS 
Figure 3.1. Nucleotide and deduced amino acid sequence of Spams sarba branchial 
CFTR cDNA clone responsible for part of the membrane spanning regions. 
Nucleotides and amino acids are numbered on the left-hand side. 
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0 GTAACAGAGA AAGAGATCTT TGAAAAATGT GTCTGTAAAC TTATGGCCTC 
50 CAAGACTCGT ATTGTGGTCA CCAGCAAGTT TGAGCATCTC AAACGAGCAG 
100 ACAAAATCCT GCTGCTGCAC AACGGAGACT GCTATTTCTA CGGCACCTTC 
150 TCAGAGCTGC AGGCCCAGCG TCCTGACTTC AGCTCCCTCC TCCTCGGCCT 
200 GGAAGCCTAT GACAACATCA ATGCAGAGAG ACGCAGCTCC ATCCTCACGG 
250 AAACTCTCCG CAGGGTCTCT GTCGATGAAA CAGCTGGCTT CCGAGGCCCA 
300 GAGCCAATTC GACAGTCGTT CCGCCAGCAA CCCCCTCCAA TGATCATCTC 
350 TGGATCCCAA GGACATCCTG GAAGTGATGG CTACCCAGAA AAACGCAAAC 
400 AGTCTCTAAT CCTTAACCCC CTGGCAGCTG CACGCAAGTT CTCCTTCATT 
450 GGGAACTCCC AACAGACTGC AAATCCTCCC CAGTCCAGTT CAATAGAAGA 
500 TGGGGTTCGT GAACTTTCTG AGAGGAAATT CTCTGTGGTA CCCGAGGATG 
550 ATCAAGTAGA GGAGGTGCTT CCCAGGGGTA ATGTATACCA TCATGGGCTG 
600 CAGCACTTCA ACGGGCAGCG GCGTCAGTCT GTCCTGGCGT TCATCACCAA 
650 CTCTCAGGGC CAGGAGCGCA GAGAGCAGAT TCAGTCCTCC TTCAGAAAAA 
700 AACTGTCCAT CACACCGCAG TGTGACCTGG CGCCCGAGCT GGACATTTAT 
750 GCCCGCCGTC TGTCCAAGGA CAGCGTCTAT GACATTAGTG AGGAGGTGGA 
800 TGAGGAAGAC ATGGAGCAAT GCTTTGCAGA TCAGCGTGAG AACATCTTTG 
850 AAACTACCTC ATGGAGCACC TACCTGCGCT ACATCACCAC CAACAAGAGC 
900 TTAGTCTATG TCCTAATTTT CATCGTCTTT GTCTTCATCA TTGAGGTTGC 
950 TGGTTCAGTC ATCGGCATTT TCCTCATAAC TGACACGATT TGGAGGGATG 
1000 GCGCCAACCC TTCATCACCC AACTACATTG ATGAGCAGCA CGTCAATGCC 
1050 TCATCAACCC CAGTCCACCT GGCAGTCATC GTCACACCAA CCAGCGCTTA 
1100 CTACATTATC TACATCTATG TGGCCACATC AGAGAGCGTG CTGGCCCTGG 
1150 GATTCTTCAG GGGTCTCCCA TTAGTGCACA CATTACTCAC TGTGTCTAAA 
1200 AGATTGCATG AACAGATGCT AAGCGCTGTA ATACGAGCCC CCATGGCTGT 
1250 ACTCAACACT ATGAAGACAG GCCGAATC 
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0 VTEKEIFEKC VCKLMASKTR IWTSKFEHL KRADKILLLH NGDCYFYGTF 
50 SELQAQRPDF SSLLLGLEAY DNINAERRSS ILTETLRRVS VDETAGFRGP 
100 EPIRQSFRQQ PPPMIISGSQ GHPGSDGYPE KRKQSLILNP LAAARKFSFI 
150 GNSQQTANPP QSSSIEDGVR ELSERKFSW PEDDQVEEVL PRGNVYHHGL 
200 QHFNGQRRQS VLAFITNSQG QERREQIQSS FRKKLSITPQ CDLAPELDIY 
250 ARRLSKDSVY DISEEVDEED MEQCFADQRE NIFETTSWST YLRYITTNKS 
300 LVYVLIFIVF VFIIEVAGSV IG IFL ITDTI WRDGANPSSP NYIDEQHVNA 
350 SSTPVHLAVI VTPTSAYYII YIYVATSESV LALGFFRGLP LVHTLLTVSK 
400 RLHEQMLSAV IRAPMAVLNT MKTGRI 
Figure 3.2. Nucleotide and deduced amino acid sequence of Spams sarba branchial 
CFTR cDNA clone responsible for part of the R domain and membrane spanning 
regions. Nucleotides and amino acids are numbered on the left-hand side. These 
sequences have been deposited with GenBank (Accession number: EF017215). 
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0 ATTCGAGCGT TTGGGCGTCA GACCTACTTC GAGACACTCT TCCACAAGGC 
50 GCTTAACACT CACACAGCCA CCTGGTTCCA CTACCTAGCC ACACTGCGAT 
100 GGTTTCTCTT TCGCTGTGAC ATGATCTTCG TCCTGTTCTT CACCGCCGCT 
150 GCCTTCATTG CTGTGGGAAC CAACCAGGAC AAGCCAGGGG AGATTGGCAT 
200 AATTGTGGCC CTCGCCATGC TCATCCTGGG GACTTTCCAG TGGGCTGTCA 
250 TCACCAGCAT TACTGTAGAT GGACTGATGC GTTCAGTAGA TCGGGTGTTC 
300 AAATTCATTG ACCTGCCATC AGAAGAGCCA TTGCCGGGCA AATCTGGTGG 
350 TAAAGGAGGG CCCGATCTCG TCATTGACAA CCCTCACGCC CGGGACTGCT 
400 GGCCCAACCG TGGCCAGATG GACGTAAAGG GCCTCACTGT GAAGTACACA 
450 GAGGCTGGAC GTGCTGTCCT TAGTGACATC TCTTTCTCTG TGGACGGCGG 
500 GCAGAGTATG GGTCTGCTGG GACGAACAGG TTCAGGGAAG AGCACCCTGC 
550 TTTCCGCTCT GCTGCGTCTC GCCTCCACAG ACGGAGAAAT CTCCATCGAT 
600 GGCGTTTCTT GGAGTTCCGT GTCCCTGCAC ACATGGAGGA AGGCCTTTGG 
650 AGTGGTACCA CAGAAAGTCT TTATTCTGAC CGGCACTTTC CGGATGAACC 
700 TGGATCCTCA TGGACGCTAC AGTGATGAGG AGCTGTGGAA GGTAGCGGAG 
750 GAGGTGGGTT TGAAGTCGGT GATCGAGCAG TTTCCAGACA AGCTGGACTT 
800 TCAGCTGGAG GACGGAGGCA ACGTGTTGAG TTATGGACAC AAACAGCTGC 
850 TTTGTCTCGC CCGCTCCATC CTCAGCAAGG CCCGCATCCT GCTGCTGGAT 
900 GAACCCTCCT CCTACCTCGA CCCCATAACC TTACAGGTCC TGAGGAAGAC 
950 GCTGAAGCAC GCGTTTTCTG GCTGCACCGT CATCCTATCA GAACACAGAG 
1000 TGGAGCCACT GCTGGAGTGT CAA 
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0 IRAFGRQTYF ETLFHKALNT HTATWFHYLA TLRWFLFRCD MIFVLFFTAA 
50 AFIAVGTNQD KPGEIGI IVA LAMLILGTFQ WAVITSITVD GLMRSVDRVF 
100 KFIDLPSEEP LPGKSGGKGG PDLVIDNPHA RDCWPNRGQM DVKGLTVKYT 
150 EAGRAVLSDI SFSVDGGQSM GLLGRTGSGK STLLSALLRL ASTDGEISID 
200 GVSWSSVSLH TWRKAFGWP QKVFILTGTF RMNLDPHGRY SDEELWKVAE 
250 EVGLKSVIEQ FPDKLDFQLE DGGNVLSYGH KQLLCLARSI LSKARILLLD 
300 EPSSYLDPIT LQVLRKTLKH AFSGCTVILS EHRVEPLLEC Q 
Figure 3.3. Nucleotide and deduced amino acid sequence of Spams sarba branchial 
CFTR cDNA clone responsible for part of the nucleotide-binding domain two. 








ATGCAGAAGTCAC C GGTGGAAGATGC GAACTTC CTCTC C A G A T T T G T C m T G G T G G A T T 6 0 
ATGCAGAAGTCACCAGTGGAAGATGCCAACTTCTTATCCAAATTTTTCTrCTGGTGGACC 60 
ATGCAGAAGTCACCCGTGGAAGATGCAAACTTCCTCTCCAAATATTTCTrCTGGTGGACA 60 
ATGCAGAAGTCAC CCGTGGAAGATGCAAACTTCCTCTCCCAATATTTCTTCTGGTGGACA 60 
ATGCAGMGTCACCAGTGGAAGATGCCAACTTCTTATCCAAAnTTTCTTCTGGTGGACC 60 
GATGCAAACTTTTTATCCAAATTTTTCTTCTGGTGGATG 39 




































GTGGCATC GGC CAAGAAGAAGC CTC GGCTC CTGC GGGC GCTCTC C C GTTGTTTCCTCTGG 
GTGGCATC GGC CAAGAAGAAGC CTC GGCTCTTGCGGGCACTATC CCCTTGTTTC CTCTGG 
ATC GTCTC AGC C M G A A G C GTC C C AAGCTTATGAGAGCTCTGTC C C GATGCTTC CTGGGA 
CTGGTGTC GGC CAAGAAC CAGC C CAGGCTATTGAGAGCGCTGGCCCGCTGCTTCCTCGGA 












C C m T G T G T T C n T G G T A T C CTC CTCTAC CTC GGGGAGGCTTC C AAGAC AGTGC AGC CT 300 
CCTTTCGCCTTCTTTGGTATCCTTCTCTACCTCGGGGAGGCTTCCAAGACAGTGCAGCCT 279 





















GGATACTTCCTGGC C CTGGGC CTCTGTCTCCTCTTCACGGCCCGCTTTCTACTGCTACAG 
&GCTACTACTTGGCCCTG&GTCTCACTCTTCTCTTCATTGCTC GGTTCCTGCTC CTGCAG 
GGTTACTACCTAGCCCTGGGTCTCTGTCTTCTCTTCACTGCTCGCTTCCTGCTCCTGCAG 
GGATACTTCCTGGCTCTGGGCCTCTGCCTCCTCTTCACCGCCCGCTTTCTACT&CTGCAG 
GGATACTTCCTAGCTCTGGGTCTCTGCCTCCTATTCACTGC CC GCTTC CTC CTGCTGCAA 








C CTGC C A T C n T G G C CTGCAC C AC CTGGGC ATGC AGATC C GCATTGC C CTGTTCAGC CTC 
CCAGCCATCTTCGGACTGCACCACCTGGGCATGCAGATACGCATCGCTCTCTTCAGCCTC 
C CAGC C A T C n T G G A C T G C A C CAC CTGGGC ATGC AGATAC GC ATC GCTCTCTTCAGC CTC 
C CTGC C A T C n T G G C CTGCAC CAC CTGGGCATGCAGATC C GCATTGC C CTCTTC ACTCTC 
CCT&CCATCTTTGGCCTGCATCACCTGGGCATGCAAATCCGCATCGCTCTnrCAGTCTC 








ATATACAAAAAGACACTTAAGTTGTC CAGTAAGGTITTGGACAAGATCAGCAC C &GGCAA 




ATATACAAGMGAC C CTGAAGCTGTC CAGC C GGGTCTTGGATAAGATCAGCACTGGTCAG 519 







CTCGTCAGTCTGATGTCTGCC CAC CTCAACAAGCTGGATGAGAGC CTGGGTCTAGCGCAC 
CT&GTCAGTCTGATGTCTGC C CACCTCAACAAGCTGGATGAGA&CTTGGGTCTG&CC CAC 
CTGGTCAGCCT&ATGTCAACCCACCTCAACAAGCTGGATGAGAGCCTTGGCCTGGCCCAC 
CTGGTCAGC CTGATGTCAGC CCAC CTCMCAAACTGGATGAGAGTCTTGGC CTGGCCCAC 
CTGGTCAGTCTGATGTCTGC CCAC CTC AACAAGCTGGATGAGAGCTTGGGTCTGGC CCAC 
CTGGTCAGTCTAATGTCAGCCCACCTCAACAAGCTGGATGAGAGTTTAGGTCTGGCCCAT 579 































CTCTCGCAGAAGATGGGAC CACAC CGGATGAAGAGAGC GGGAATGATCAATCGCCGTCTG 
CTCACACAGAAGATGGGACCACATCGGGTGAAGCGAGGAGGGATGATCAACCGCCGCCTG 









GCTCTCAC CTCGGAGATTCTGGAGAACATTCACTCTGTGAAGGCATATGGGTGGGAGGAC 840 
GCTCTGACCTCAGAGATCGTAGAGAACATCCACTCAGTGAAGGCCTACGGCTGGGAGGAG 840 












































GC CTC GTACTGCATGGTGCTGC GGATGACCCTGACCCGCCAGCTGCCAGGGTCCATCCAG 
GCCTCCTACTGCATGGTGCTCCGTATGACCCTCACTAGACAGCTGCCCGGCTCCATACAG 
GCCTCTTACCTCATGGTGCTCCGAATGACCCTCACCAGACAGCTGCCCGGCTC CATACAG 







ATGTGGTACGACACGTTGGCATTGGTCACAAAGATC GAGGATTTCCTGCTGAAGGAAGAA 1140 
ATGTGGTACGACACACTGGCCCTGGTTAAGAAGATCGAGGATTTCTTGTTAAAAGAAGAA 1140 
ATGTGGTACGACACGCTGGCGCTGGTCACAAAGATAGAGGAGTACCTCTGCAAAGA&GAG 1140 
ATGTGGTACGACACCCTGGCGCTGGTCACAAAGATAGAGGAATAC CTCTGTAAAGAGGAG 1140 










TACAAAGTATTAGAGTACAACCTGACCAC CACTGAGGTAGA&CTGGTGAACGT&ACCGCC 1200 








TC CTGGGATGAGGGAATAAGTGAATrGTTTGAGAAGATCAAGCAGGAGAACAAAGCGAAC 1260 









GGACAACTTAC C GGTGATGAC GGACTGTTCTTCACTAACTTGTAC GTCAC C C CTGTC CTC 1320 
GGACACATGGC CAAC GAC C C C GGGCTCTTCTTCACCAACTTGTATGTCACACCAGTTCTC 1320 
GGCCAGCCTAACGGTGACGCAGGGITGTTCTTCACAAACCTGTATGTCACACCCGTCCTC 1320 
GGC C AC C CTAAC GGTGATGTAGG&CTGTTCTTCAC C M C CTATATGTTAC AC CCGTCCTC 1320 










AAGAACATCAGCCTGTACCTGGAGAAGG&ACAGATGCTGGCCGTGGCTGGATC CAC CGGC 1380 




















ATCAAACACACTGGC CGCATCTCCTTCTCACCCCAGAATTCCTGGATCATGCCGG&GACC 1500 
ATCAGACACAGT&GGCGGATCTCCTTCTCCCCCCAGACCTCCTGGATCATGC CCGGAACC 1500 
ATCAAACACAGTGGGCGGATCTCCTTCTC C C C C CAGAC CTC CTGGATCATGCCCGGAACC 1500 
ATCAAACACAGCGGCCGCATCTCCTTCTCAC CCCAGAATTCCTGGATCATGCCTGGGACC 1500 
Killifish 
Fugu 




ATTCGCGACAACATCCTTTTCGGACTGAC CTATGACGAATTTCGCTACACTTCCATTATT 1560 
ATCCGAGACAACATCCTGTTTGGC CTGACCTATGACGAGTACCGCTACAC GTCTGTGATC 1560 
ATCCGTGACAACATCCTGTTTGGTCTGAC CTAC GAC GAGITCCGCTACACCTCTGTCATC 1560 
ATC C GTGACAACATCCTGTTTGGTCTGACCTACGACGAATTCCGCTACACCTCTGTCATC 1560 







AGGGC CTGCCAGCTGGAAGAGGATTTAGACCTGCTGCCTGAGAAGGACAAGACGGCGATT 1620 
AAGGCCTGTCAGCTGGAGGAGGACTTTGCTTTGCTACCTGACAAAGACAGGACACTTCTC 1620 
AAGGC CTGTCAGCTGGAGGAGGATCTGGC C CTGCTGC CGGAGAAAGACAAGAC GCCCCTT 1620 
AAGGCATGTCAGCTGGAGGAGGATCTGGCCTTGCTGCCGGAGAAAGACAAGACGCCCCTT 1620 


















GTATATAAGGATGCAGAC CTGTACCTGCTCGATGCACCTTTCACCCAC CTGGACATTGCA 17 40 
GTCTACAAAGATGCTGAC CTCTACTT&CTCGATGCACCTTTTACCCAC CTGGACCTTGTA 1740 
GTGTATAAAGACGCCGACCTCTACCTACTGGATTCACCTTTTACCCAC CTGGACATTGTG 1740 
GTGTACAAAGATGCTGACCTCTACCTGTTGGATTC&CCTTTCACCCACCTGGACATTGTG 1740 







ACAGAGAAAGAGATCTTTGACAAATGTGTCTGTAAACTCATCGC CTC CAAGACTC GC GTT 
ACGGAGAGAGAGATCTTTGAGAAGTGTGTGTGTAAACTGATGG&CTCCAAAACCCGTATT 
ACTGAGAAAGAGATCnTGAGAGGTGTCTGTGTAAACnTTGTC CTC CAAAACTC GTATC 
ACGGAGAAAGAGATCTTTGAGAGGTGTCTGTGCAAACTGATGTCCTCCAAGACTCGTATC 
ACAGAGC GAGAGATCTTTGACAAATGTGnTGTAAATTGATGTC GTGCAAAACTC GTATT 
ACAGAGAAAGAGATCTTTGAAAAATGTGTCTGTAAACTTAT&GC CTC CAAGACTC GTATT 







GTGGTCAC CAGCAAGTTGGAGCATCTCAAACGGGCGGACAGAATCCTTCTGTTGCACAAC 186C 
GTGGTCACCAGCAAGTTGGAGCATCTCAAGCGGGCTGACAAAATC CT&CTCTTGCACAAT 186C 
GTGGTCACTAGTAAGCTGGAGCACCTGAAGAGAGCGGACAAGATCCTTCTGCTTCACAAC 186C 
GTGGTCACCAGTAAGATG&ACCACCTTAAGAGAGCAGACAAGATCCTTCTGCTTCACAAC 186( 
GTGGTCACTAGCAAACTGGAGCATCTCAAGCGGGCTGACAAAATCCTCCTTTTGCACAAT 18 6[ 
GTGGTCACCAGCAAGTTTGAGCATCTCAAACGAGCAGACAAAATCCTGCTGCTGCACAAC 123 










GGAGTGTGTTACTTCTACGGCTC CTTCTC C GAGCTACAGGCCAAGAGACCAGACTTCAGC 1920 
GGAGTGTGTTACTTCTACGGCTCCTTCTCCCAGCTGCAGGCCAAGAGACCAGACTTCAGC 1920 
GGCGACTGCTACTTCTACGGTACGTTCTC GGAGCTC CAGGC CCAGCGGC CC GATTTCAGC 1920 
GGAGACTGCTATTTCTACGGCAC CTTCTCAGAGCTGCAGGC C CAGC GTCCTGACTTCAGC 183 
* * * * * * * * * * * * * * * * * * 
TCCCTCCTGCTTGGGCTTGGATCTTATGACAACATCAGTGCAGAGCGCCGCAGCTCCATC 
TC GCTC CTC CTC GGC CTGGAGGC CTAC GACAACATCAATGCGGAGCGACGTAGCTCCGTT 
TC C CTGCTC CTGGGC CTGGAGGC CTAC GAC AAC ATC AAAGC C G M C GC C GC AGCTC C ATC 
TC C CTGCTC CTGGGC CTGGAGGC CTACGACAACATCAAAGCC GAAC GC C GCAGCTC CATC 
TCGCTCCTCCTCGGCCTGGAAGC CTAC GACAACATCAACGCCGAGC GCCGTAGCTC CATT 
TCCCTCCTCCTCGGCCTGGAAGCCTATGACAACATCAATGCAGAGAGACGCAGCTCCATC 243 













CCCAATCGGCAGTCCTTCCGCCATGAGCC ATTTC 2074 
TCCATTCGCCAGTCATTCCGTCAGCCGCCACCCCCAGTCATT GTATCCGGATCCC 2095 
C C CATC CAC CAGTC CTTC C GCCAGC C C C C GC CAC C GATCATCTGTACAAACAAC GGC C CT 2100 
CCCATCCGCCAGTCCTTCCGCCAGCCCCCGCCTTCGGTCATCAACG&CAACACGGGACCC 2100 
CC CATTC GC CAGTC ATTC CGTCAGCCGCCACCCCCGGTCAT AC CTGGATCTC 2092 
CCAATTCGACAGTCGTTCCGCCAGCAACCCCCTCCAATGATC ATCTCTGGATCCC 358 







ATAGCCACG CTATGGGC GATGGCTAC C CTG AAAAACGCAAGCCGTCC 2121 
AAGGCAATC CTGGAGGTGAC GGCTACCCAG AAAAAC GCAAGCAGTCC 2142 
CAAGCCATCACCATTGCCGGGGGCGACGGTCTCACAGCAGCGGAAAAACGTAAACAGTCA 2160 
CAAGGCATCACCATCCCCGGGGGCGACGGTCTCACAGTGGTGGAGAAACGTAAACAGTCG 2160 
AAGGCCATC CTGGAGGCGACGGTTATCCTG AAAAACGCAAACAGTCC 2139 







CTCATC CTTAAC C CTCTTGCAGC CGCCC GCAAATTCTCATTCATC GGTA A C T C — 2174 
CTC ATC CTCAGTC C CTTGGCAGC AGCTC GAAAGTTCTCTTTTATGGGGA A C T C — 2195 
ATTATCCTTAATCCGTTAGCGCCGGCCCGTAAATTCTCCTTCATCGGTATGGGGCCCCAG 2220 
ATTATCTTAAATCCATTAGCAACGGCACGTAAGTTCTCCTTCATCGGTACTGGGCCCCAA 2220 
CTCATC CTCAGTC C C CTGGC AGC AGCTC GCAAGTTCTCTTTTATGGGGA A C T C — 2192 
CTAATC CTTAAC CCC CTGGC AGCTGC AC GCAAGTTCTC CTTC ATTGGGA ACTC CCA 461 








GAACGC GGGAAATGC CGCCCAG—GCCAC&GC GACAGAGGATGGGGTC CACGAACATTCT 
AAAGCCCAGGCTCCTCCACCC&GGTC C AC C ACTATC GAGGATGC C GTGC GAGAGCTGTCA 










































TTCATCACCAAC GC C C GGGGGGAGGGCAGGAGGGAGCAGCTCCAGACGTCCTTCAGGAAG 2460 
TTCATCAC C M C GC C CAGOGGCAG&GCAGGAGGGAGCAGCTC CAGACATC CTTCAGGAAG 2460 
TTCATCACCACGTCTCAGGGCCAGGAGCGTCGAGAACAGATACAGTCATCTTTCAGAAAA 2430 
TTCATCACCAACTCTCAGGGCCAGGAGCGCAGAGAGCAGATTCAGTCCTCCTTCAGAAAA 699 







AAGCTGTC CATCAC C C C GCAGTCTAAC CTGGCATC C GAGCTGGACATCTAC GC C C GAC GC 2469 
AAGCTGTC CATCAC GC CTCAGTGT&AC CTGGCATC CGAGCTGGACATCTATGCTC GAC GC 2493 
AAGCT&TC CATCAC GC C GCACTGC GAGCTGGCCTCTGAGCTGGACATCTAC GCACGACCC 2520 
AAGCTGTCCGTCACGCCGCAGTGCGAGCTAGCCTCTGAGCTGGACATCTACGCACGACGC 2520 
AAGCTGTCCGTCAC GCCTCAGTGTGATCTGGCATCTGAGCTGGATATTTATGCCCGACGC 2490 
AAACTGTCCATCACACCGCAGTGTGACCTGGCGCCCGAGCTGGACATTTATGCCCGCCGT 759 

































TATGTTTCCACCMCAGMGTTTGATCTATGTCTTGATTITCATTTTGATTGTC 'nTGCC 2649 
TACGTCTCCACCAACAAGAGTTTGGTCTACGTCCTGATTTTCATAnTGTTGTCTTCGTG 2673 
TACATCTTCACCAACAGGAACCTC GTCTAC GTC CTCATCTTCATCTTC CTC GTCTTC GCT 2700 
TACATCTTCACCAACAGGAACCTGGTCTACGTCCTCATCTTCATCTTC CTCATCTTC&CT 2700 
TACGTCTCCACCAACAAGAGTTTGGTCTACGTCCTGATTTTCATATTCGTGGTCTTCGTT 2670 
TACATCACCACCMCMGAGCTTAGTCTATGTCCTAATTTTCATCGTCTTTGTCTTCATC 939 

























GGC GC C M C C CTTC ATC AC C C AACTAC ATTGATGAGC AGC AC GTCAATGC CTC ATC AAC C 1059 












CCCACCCACCTGGCAGTCATC GTCACAC CAACCAGTGCATACTACATCATATACATCTTT 2850 
CCAGTCCAC CTGGCAGTCATC GTCACAC CAACCAGCGCTTACTACATTATCTACATCTAT 1119 























ACATTACTCACTCTGTCTAAAAGATTGCATGAACAGATGCTAAGC GCTCTAATAC GAGC C 1239 












C C CATGGCTGTACTCAACACTATGAAGACAGGCC GAATC 1278 









































CTCAAGCTGCTGGAGGCTGAAGCTC GAAGTC C CATCTTCTC C CAC CTCATCATCTC C CTG 3 2 7 3 



























ATTC GAGC GTITGGGC GTCAGAC CTACTTC GAGACACTCTTC CAC 45 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
AMGCTCTGAACAC C C AC AC AGC C AC CTGGTTC CACTAC CTGTC C AC GCTGAGATGGTTC 3369 
AAAGC GCTGAAC ACTC AC AC GGC C AC CTGGTTC CACTAC CTGTC CAC GCTGC G I T G G n T 3393 
AAGGCCCTGAACACCCACACGGCCATATGGTTCCACTACCTCGCCACGCTGCGATGGTTC 3420 
AAGGCCCTGAACACCCACACAGCCATATGGTTCCACTACCTCTCCACGCTGCGATGGTTC 3420 
AAGGCGCTGAACAC C CACAC GGC CAC CTGGTTC CACTAC CTGTC CAC GCTGCGATGGTTT 3390 
AAGGCOCTTAACACTCACACAGC CACCTGGTTCCACTACCTAGCCACACTGCGATGGTTT 105 
** ** ** ***** ***** **** ************** **** *** * ***** 
CTGTTCCGCTGCGACGTCATCTITGTGCTGTTCTTCACCGCCGCTGCCTTCATTGCTGTC 3429 
crmTcGCTGTGACATcmrrcgtccmrcTrcactgctgccgccttcatcgccgta 3453 















GGAAC CAAC C A G G A C M A C CAGGGGAGATCGGCATCATCGTGGCCCTGGCCATGCTCATC 3510 
GGAACCAACCAGGACAAGCCAGGGGAGATTGGCATMTTGTGGCCCTCGCCATGCTCATC 225 



















** tt ** ***** ***** **** ***** ** * ** ** ** * ***** ** 
GTGGATCGGGTGTTCAAATTCATCGACTTG&CATCGGAAGAGACGCTCCAGGGAAAATCT 3609 
GTCGATCGAGTGTTCAAGTTCATCGACCTCCCGTCGGAGGAGCTGCTGCCGCGAAAACCT 3633 
GTAGAC CGGGTCTTCAAGTTCATC GAC CTGC CTCAAGAGGAGCC CAGAC C CAGC GGTGGA 3 66 0 
CTAGATCGGGTCTTCAACTTCATCGACTTGCCGCAGGAGGA&CCTAGACCCAGTGGT-— 3657 
GTCGATCGAGTGTTCAAGTTCATCGACCTCCCGTCGGAGGAGCTGCTGTCTGGAAAACCC 3630 
GTAGATC GGGTGTTCAAATTCATTGAC CTGCCATCAGAAGAGCCATTGCCGGGCAAATCT 345 






GGTGGTAAAGGAGGGC C C GATCTC GTCATTGACAAC C CTCAC GC C C GGGACTGCTGGC C C 405 


















































ACAGGTTCAGGGAAGAGCAC C CTGCTTTC C GCTCTGCTGC GTCTC GC CTC CACAGAC GGA 585 
tt ** ** ** ************** ** ** ** «** * «* * ** »* ** 
GAAATGTTTATTGACOGGGTITCTTCCAGCTCCATGCCGCTGCAAGCATGGAGGAAAGCC 3909 
GAGATCTCCATCGACGGCATTTCCTGGAACTC C GTC C CTCTGCACAAGTGGAGGAAGGC C 3 9 3 3 
GAGATCTCCATCGATGGGGTCTCCTGGAACTCTGTCACCCTACAGACCTGGAGGAAAGCC 3957 
GAGATCTCCATTGACGGGGTCTCCTGGAACTCTGTCACACTACAGACCTGGAGAAAAGCC 3954 
GACATCTC CATC GAC GGC GTCTC CTGGAACTCTTTGCCTCTGCACAAGTGGAGGAAGGCC 3930 
GAAATCTCCATCGATGGCGTTTCTTGGAGTTCCGTGTCCCTGCACACATGGAGGAAGGCC 645 




m GGAGTGGTGC CACAGAAAATCTTCATCCTGACTGGAACGTTCCGTATGAACCTGGAT 4014 
TTCGGTGTCGTGCCGCAGAAAGTCTTTATTCTGACCGGAACTTTCCGCATGAACCTG&AC 3990 
TTTGGAGTGGTACCACAGAAAGTCTTTATTCTGACCGGCACTTTCCGGATGAACCTGGAT 705 



















** * * * **** ** ** ** ****** *** ** ** **** ** ***** 
TCAGTAATCGAGCAGTTCCCAGACAAGCTGCACTTTGAGCTTAAGGACGGAGGCAGTGTG 4089 
TCCGTGATCGAGCAGTTTC CCGACAGGCTGGACTTCCAGCTGGAGAACGGAG&CAGCGTG 4113 
TCCGTGATAGAGCAGTTTCCAGACAAGCTGGACTTCCAGCTGGAGGACGGGGGTTACGTC 4137 
TCAGTGATAGAGCAGTTCCCAGACAAGCTGGACTTCCAGCTGGAGGACGGGGGTTATGTC 4134 
TC C GTGATC GAGCAGTTTC CCGACAGGCTGGACTTCCAGCTGGAAAACGGAGGCAGC GTG 4110 
TCGGTGATCGAGCAGTTTCCAGACAAGCTGGACnTCAGCTGGAGGACGGAGGCAACGTG 825 







CTGAGCAATGGGCACMACAGCTGATGTGTCTC GC C C GCTCCATCCTCAGCAAGGCC C GC 4149 
TTGAGTCACGGGCACAAACAGCTGATGTGTCTGGCCCGCTCCATCCTCAGCAAGGCCCGC 4173 
CTGAGTAAC GCJAC AC AAGC AGCTC ATGTGTCTGGC C C &CTC CATC CTCAGCAAGGC C C GC 4197 
CTGAGTAAC GGAC A C M G C AGCTC ATGTGTITGGC CC GCTC CATC CTTAGCAAGGC CCGC 4194 
TTGAGTCACGGGCACAAACAGCTGATGTGCCTGGCCCGCTCCATCCTCAGCAAGGCCCGC 4170 
TTGAGTTATGGACACMACAGCTGCTTTGTCTC GC C C GCTC CATC CTCAGCAAGGC C C GC 885 
* * * * * * * * * * * * * * * * * * * * * * 


















AAGAC C CTAAAGCAGGCrmrCTGACTGTAC C GTC ATC CTGTC GGAGCATAAAGTGGAA 4290 































CG&CTCCACCTCTTCCCCACACCCCACCGCCTGAACTCCATCAAGAGGC C—T C A G C C G 
CGGCTGCGGCTCTTCCCGACGCTGCACCGCCTCAACTCTATAAAGAGGGC—GCCGCCG 
C GC CTCAAACTCTTC C C C—CT G C A C C GC CTCAACTCCAGCAAGC GAC C C C CTCAATC C 









CAGGCCGCCAAGATCTCCTCCCTGCCGGAGGAAGCGGAGGAC GAGGTC CAC GACAC GC GG 4530 
CAGCAGCCCAAGATCACCGCCCTGCGGGAGGTGGCTGAGGACGAGGTCCAGAACACGCAT 4554 
CAGCAGCCCAAGATCACCGCCCTGCAAGAGGAGGCTGAGGACGAGGTCCAAGACACACGT 4551 







c n T A A 4512 
CTGTAA 4536 
C n T A A 4560 
CTGTAA 4557 
CTCTAA 4533 
Figure 3.4. Multiple sequence alignment of teleost CFTR from five species. 
Salmon_I and Salmon_II represent two isoforms of CFTR gene found in Atlantic 
salmon. 
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3.3.2. Part B: Tissue distribution of CFTR in silver sea bream 
Using the set of primers designed from silver sea bream CFTR partial sequence, 
amplification yielded a fragment of about 500 bp with a strong signal in gill, anterior 
intestine, posterior intestine and pituitary, and a weak signal in opercular epithelium, 
spleen, urinary bladder, liver and heart tissues. No expression could be detected in 
brain, stomach, kidney, blood, muscle and gonad. The water control yielded no 
amplification signal (Fig. 3.5.). 
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5 0 0 b p 
7 n 6 1 ^ 0 2 1 1 1 0 1 
Figure 3.5. Agarose gel with PCR products from different tissues of Spams sarba 
under ultraviolet illumination. Order of tissues is 1: brain, 2: gill, 3: opercular 
epithelium, 4: anterior intestine, 5: stomach, 6: posterior intestine, 7: spleen, 8: 
urinary bladder, 9: liver, 10: kidney, 11: heart, 12: blood, 13: gonad, 14: negative 
control, 15: ladder, 16: pituitary and 17: muscle. 
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3.4 Discussion 
3.4.1. Part A: Cloning of silver sea bream CFTR 
Three CFTR fragments from silver sea bream were cloned and these fragments 
contributed to 3071 bp out of about 4500 bp for the complete sequence of CFTR 
gene. Multiple sequence alignment with other teleost CFTR genes showed that the 
silver sea bream homologue is 85% similar to fugu and puffer fish CFTR at the 
nucleotide level which exhibited the highest homology among all teleosts (81% 
similar to killifish, 80% similar to salmon I and 79% similar to salmon II) (Fig. 3.4.). 
From the deduced amino acid sequence of the three fragments obtained, the encoded 
peptides possess 85% identity with the killifish CFTR homologue. Expression of 
killifish CFTR cDNA in Xenopus ooctyes generated a chloride current similar to that 
generated by human CFTR (Singer et al., 1998). High level of protein homology 
suggests the silver sea bream CFTR protein has conserved the basic function of a 
chloride channel. 
The presence of an R domain demonstrates that silver sea bream gene fragments 
are true CFTR homologues, which are distinct from other members of the ABC 
superfamily of transporters (Riordan, 1993; Singer et al., 1998). Alignment of other 
cloned teleost CFTR homologue shows that the R domain is the region with the least 
homology among all species (about 80% similarity at nucleotide level). In 
mammalian CFTR, the R domain was also termed the regulatory domain which 
consisted of 241 amino acids, with about one third of the amino acids containing 
charged side chains (Riordan, 1993). Strong consensus sequences for 
phosphorylation by protein kinase A (PKA) and protein kinase C (PKC) can be found 
in this domain. This clustering, especially the PKA phosphorylation sites, suggested 
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the role of R domain on regulating CFTR activity would probably act through 
phosphorylation (Riordan, 1993). Activation of CFTR through phosphorylation by 
PKA was suggested in killifish opercular membrane (Marshall et al., 2005). As in 
mammalian CFTR, activation of teleost CFTR in situ appeared to occur via cAMP 
and phosphorylation by PKA (Marshall and Singer, 2002). The low conductance CI" 
channel activity of primary gill cell culture of sea bass was increased by the 
application of PKA and ATP (Duranton et al., 1997). In primary cultures of opercular 
epithelium of killifish, application of cAMP stimulated the CI" channel in patches of 
killifish opercular epithelium and increased the occurrence of multiple copies of the 
channel (Marshall et al., 1995). CI" secretion was rapidly activated by addition of 
IB M X and cAMP, as indicated by increases in short-circuit current. It is conceivable 
that the regulatory function of R domain has probably been conserved in teleosts. 
One of the silver sea bream CFTR gene fragments was found to be homologous 
to the membrane spanning regions of mammalian CFTR, which exhibited 83% 
similarity among all teleosts. In mammalian systems, it has been proposed that the 
membrane associated domains constituted the channel for ion transport. Several 
charged amino acids within the putative transmembrane helices as well as the 
positively charged residues in the cytoplasmic loops separating these helices were 
believed to attract anions to the inner mouth of the pore (Riordan, 1993). 
In addition, one of the silver sea bream gene fragments homologous to the 
nucleotide-binding domain 2 of mammalian CFTR was identified, exhibited 83% 
similarity among all teleosts. Although the role of NBFs was not apparent, they were 
important to the normal functioning of CFTR, as supported by the fact that the major 
CF-causing mutation was localized to the middle region of NBFl , revealing that ATP 
binding was probably important to CFTR function (Riordan, 1993). Moreover, CFTR 
contains a common site for protein binding at the very C-terminal end of the protein, 
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called PDZ-binding domain. This PDZ domain is essential for proper expression of 
CFTR in the apical plasma membrane of epithelial cells. It has been reported that 
CFTR is anchored in the apical membrane via the cytoskeleton, using the ezrin 
binding phosphprotein, EBP50 (Kunzelmann, 2003). Thus, this PDZ domain 
appeared to be important for channel maturation. 
3.4.2. Part B: Tissue distribution of CFTR in silver sea bream 
A thorough tissue distribution analysis of CFTR in silver sea bream was 
performed and it was found that CFTR was present at high levels in gill, intestine, 
and pituitary, and to a lesser extent, in opercular epithelium, spleen, urinary bladder, 
liver and heart. 
CFTR is primarily responsible for transport of chloride ions (CI") (Singer et al., 
1998). In the current model for ion transport in SW-adapted teleosts, SW chloride 
cells are named for their ability to secrete CI" actively from the basolateral side to the 
apical side of the cell (Marshall and Bryson, 1998). In an immunolocalization study, 
CFTR appeared to be restricted to the apical membrane in the apical crypts of 
chloride cells from SW-adapted mudskippers (Wilson et al., 2000). Our result 
indicated a high expression of CFTR in the gill of silver sea bream, which is 
consistent with the finding that this tissue contains an abundance of these specialized 
chloride cells. It must be emphasized that the present experiments cannot provide 
direct evidence for localization of CFTR in the chloride cells, but can only 
demonstrate it abundant expression in the gill tissue, although the importance of the 
chloride cells in the osmoregulatory physiology of the sea bream has been amply 
demonstrated (Kelly and Woo, 1999a; Kelly et al., 1999a). 
The opercular epithelium of SW-adapted killifish was rich in chloride cells, and 
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the CFTR mRNA expression levels in gill and opercular epithelium were similar 
(Singer et al., 1998). These opercular chloride cells in killifish also showed CFTR 
immunofluorescence which is restricted to the apical membrane (Marshall et al., 
2002). Our results showed a lesser amount of CFTR expression in the opercular 
epithelium of silver sea bream relative to its branchial expression. There are two 
possibilities that can account for the result, either the opercular epithelium of 
SW-adapted silver sea bream is not rich in chloride cells, or there is a differential role 
of opercular epithelium between the two species of fish with respect to chloride 
secretion by CFTR. 
Marine teleosts drink seawater, and absorb salts and fluid across the esophageal 
and intestinal epithelia that have high osmotic permeability. Almost all ingested 
water and monovalent ions are absorbed in parallel by the intestine of SW teleosts 
(Loretz, 1995). Killifish CFTR was expressed in the posterior intestine at levels 
comparable with gill tissues, as detected by Northern blot analysis (Singer et al., 
1998). Marshall et al. (2002) investigated the electrophysiology of anterior and 
posterior sections of intestine of SW killifish and found both tissues responded in a 
similar manner and revealed CFTR was localized on the basolateral side in the 
intestine of SW killifish. Our findings in the anterior and posterior intestine of silver 
sea bream are consistent with the previous study in killifish, this suggests an 
absorptive role of CFTR in the intestine of silver sea bream. Absorptive cells 
endowed with similar transport mechanisms to the gill chloride cells have been 
localized in the intestines of many fish species (Loretz, 1995) including the sea 
bream, in which the main ion tranporter Na+，K+-ATPase has been localized (Wong, 
2005). 
In contrast to killifish, there is no detectable CFTR expression in brain of silver 
sea bream. CFTR mRNA and protein were found to be present within the rat and 
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human brains, in areas regulating sexual differentiation and function (Mulberg et al., 
1995; Weyler et al., 1999; Mulberg et al., 1998). Inhibition of CFTR would lead to a 
decrease in gonadotropin-releasing hormone (GnRH) secretion from murine 
hypothalamic neurons (Weyler et al., 1999). In addition, it is very surprising that 
pituitary of silver sea bream was found to have a high level of CFTR. Pituitary is the 
production site of prolactin which is a well-known freshwater adapting hormone in 
fish including the sea bream (Kwong and Woo, 2008), and also that of growth 
hormone, which is involved with osmoregulation in seawater in some fish species 
(Deane and Woo, 2009). Therefore, modulation of CFTR mRNA level may have an 
effect of prolactin or growth hormone secretion from the pituitary, which in turn 
affects the osmoregulatory mechanisms of fish. 
CFTR expression was also found in spleen, urinary bladder, liver and heart of 
silver sea bream, though the expression in these organs has not been reported in 
killifish. Different orgins of fish species may account for the different tissue 
distribution pattern of CFTR. Spams sarba is a commonly reared marine fish species 
in the local aquaculture industry. They normally reside in seawater environment, but 
still maintain a high level of preparedness to cope with any sudden salinity challenge. 
Their living habitats and life cycles are in contrast to the estuarine killifish, which 
live in brackish estuaries with routine influx of freshwater from river and saltwater 
from the sea (Scott et al., 2004). Expression of CFTR in spleen, urinary bladder, liver 
and heart further emphasizes the important role of CFTR in marine fish, which is not 
only for osmoregulation, but may also take part in controlling the nutritional status 
and cardiovascular response of fish. 
In the present investigation, a homologue of human CFTR was characterized for 
the study of osmoregulation in silver sea bream in terms of chloride transport. In 
order to study the effect of ambient salinity on chloride transport at the molecular 
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level, oligonucleotides were designed from the gene fragments obtained for assessing 
the expression level of this CFTR gene in gill and posterior intestine. This work will 
be the subject in subsequent chapters of this thesis. 
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Chapter 4 Effect of salinity on CFTR mRNA expression in gill and posterior 
intestine of silver sea bream 
4.1 Introduction 
Up-regulation of branchial CFTR mRNA expression following seawater 
exposure was reported in euryhaline killifish, Fundulus heteroclitus (Singer et al.， 
1998) and Atlantic salmon (Salmo salar) smolts (Singer et al., 2002), suggesting a 
role of CFTR in seawater adaptation. Apart from studies on these species, there is a 
relative scarcity of work on CFTR expression in relation to salinity adaptation in 
teleost fishes, compared with other important ion transporters such as Na+，K+ATPase 
(McCormick, 1995, Uchida et al., 2000’ Deane and Woo, 2004). The response of 
CFTR expression following long-term salinity acclimation in teleosts is actually 
unknown. On the other hand, survival of silver sea bream following abrupt 
hypo-osmotic (6 ppt) transfer from full-strength seawater and its capacity to respond 
by alternation of chloride cell morphology and reorganization of stored metabolites 
have been amply demonstrated (Kelly and Woo, 1999b). However, the immediate 
response of CFTR expression of silver sea bream in relation to abrupt salinity 
transfer has not been studied. 
The posterior intestine has been found to express a high level of CFTR, 
comparable to the branchial level, in killifish (Singer et al., 1998) and silver sea 
bream (Chapter 3). In contrast to the well-documented responses in killifish gill 
CFTR upon salinity challenge (Singer et al., 1998, Marshall et al., 2002, Scott et al., 
2004), much less is known about the possible changes in intestinal CFTR expression 
following seawater exposure. 
The purpose of this study was to examine the CFTR expression in the 
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osmoregulatory organs of silver sea bream in response to salinity challenge. 
Long-term effects of salinity acclimation on CFTR mRNA expression in gill and 
posterior intestine were studied. Fish were acclimated to freshwater (0 ppt), 
hypo-osmotic water (6 ppt), iso-osmotic water (12 ppt), normal seawater (33 ppt), 
hyper-osmotic water (50 ppt) and ultra hyper-osmotic water (70 ppt) for 28 days and 
the expression profiles of CFTR in these tissues were assessed. Silver sea bream was 
tested upon its ability to tolerate abrupt transfer across a wide salinity range in the 
second part of our study, modulations of CFTR mRNA expression following both 
abrupt seawater transfer and abrupt hypo-osmotic water transfer were investigated. 
Together, our study aimed at better understanding of the molecular basis for CFTR in 
silver sea bream with respect to different ambient salinities. 
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4.2 Materials and methods 
4.2.1. Part A: Effect of long-term exposure to different salinities on CFTR expression 
4.2.1.1. Experimental fish and salinity adaptation 
Silver sea bream (Spams sarba), weighing between 100-200 g, were obtained 
from local sea cages. They were kept in a recirculating seawater system for one 
month before salinity adaptation in the Simon S. F. Li Marine Science Laboratory, 
The Chinese University of Hong Kong. Fish were randomly divided into six groups, 
each group with seven fish. In groups that were designated for low-salinity 
adaptation, salinity was reduced via a gradual dilution of seawater with dechlorinated 
tap water, over a period of one week, until the final experimental salinities were 
reached, i.e. 0 ppt (FW), 6 ppt (hypo-osmotic) and 12 ppt (iso-osmotic). Hypersaline 
water was obtained by dissolving coral reef salts to seawater over a period of one 
week until salinities of 50 and 70 ppt were reached. Fish were fed daily with a 
formulated diet according to Woo and Kelly (1995), and they were allowed to 
acclimate to different salinities for four weeks. Feeding was terminated 24 hours 
prior to sacrifice. This experimental protocol has been previously described by Deane 
and Woo (2004) and Wong et al. (2005). 
4.2.1.2. Tissue sampling 
Blood was drawn via syringe inserted into the caudal vessels. Haemotocrit was 
immediately taken and the remaining blood was allowed to clot at room temperature 
and then centrifuged to obtain serum for further analysis. Fish were killed by spinal 
transection. Gill filaments (from the second branchial arch, on the right hand side of 
branchial basket) and posterior intestine (the section near anus) were collected and 
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stored in 500 |il of Tri-Reagent (Molecular Research Center, Cincinnati, OH). 
4.2.1.3. Serum ion levels 
Serum sodium ion level [Na+] and potassium ion level [K+] were determined 
using atomic absorption spectrophotometry (Hitachi). Serum chloride ion level [CI"] 
was determined using a chloridometer (Coming-eel 920). 
4.2.1.4. Preparation of first strand cDNA 
The procedure was the same as those previously described in section 3.2.1.3. 
4.2.1.5. Design of primers 
The primer set for amplication of silver sea bream CFTR was the same as 
described in section 3.2.2.4. with the following sequence. 
Forward 5，-GTC ACC AGC A AGTTTG AGC A-3 ’ 
Reverse 5'-CGGGTACCACAGAGAATTTCC-3' (product size = 478 bp) 
The primer set for amplication of P-actin was previously described (Deane et al.’ 
1999) with the following sequence. 
Forward 5 ‘ -TC ACC A ACTGGG ATG AC ATG-3 ‘ 
Reverse 5 ‘ -ATCCACATCTGCTGGAAGGT-3 ‘ (product size = 800 bp) 
4.2.1.6. Semi-quantitative reverse transcriptase (RT)-PCR 
The resultant cDNA template was diluted 2.5-fold. PGR reactions (20 jil) 
containing 3 of diluted first-strand cDNA from each tissue, 0.08 \i\ of Taq DNA 
polymerase, 2 of MgCh (25 mM), 2 of reaction buffer, 0.4 i^l of dNTP mix 
(lOmM), and 0.2 i^l of each primer (20 pM) were prepared. PCR amplification was 
performed using a TaKaRa PCR Thermal Cycler Dice™ (TaKaRa Bio USA Inc.) 
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with cycle parameters of 30 seconds denaturation at 94°C, followed by 30 seconds 
annealing at 60°C, followed by a 30-second extension step at 72°C for 31 cycles and 
33 cycles for gill and posterior intestine respectively. Before initiating experiments, 
the linear range of the PCR for the primer set was determined. These cycling 
parameters (31 and 33 cycles for gill and posterior intestine respectively, 60°C 
annealing) were chosen to insure that the set of primer resulted in reactions that were 
within the exponential amplification phase of the PCR for all template. PCR products 
were separated according to size by gel electrophoresis in 2% w/v agarose gel with 
ethidium bromide. The PCR products were visualized by ultraviolet illumination and 
quantified by densitometry using QuantityOne software (Bio-Rad). For each 
individual sample, the integrated density value obtained for the CFTR gene-specific 
amplicon was divided by the signal obtained for the p-actin control amplicon 
producing a relative mRNA abundance value. 
4.2.1.7. Statistical analysis 
Serum Na+，K+ and CI" levels and normalized CFTR mRNA level from each 
group are presented as mean values ± standard error (SEM) and were subjected to 
one way analysis of variance (ANOVA) to test for significance followed by a 
Student-Newman-Keuls multiple comparison test (SPSS 13.0) to delineate 
significance between groups. Significance differences were accepted if p<0.05. 
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4.2.2. Part B: Effect of abrupt transfer on CFTR expression 
4.2.2.1. Experimental fish 
Silver sea bream (Spams sarba), weighing between 100-200 g, were obtained 
from local sea cages. They were kept in a recirculating seawater system for one 
month before starting the experiment in the Simon S. F. Li Marine Science 
Laboratory, The Chinese University of Hong Kong. Fish were fed daily with a 
formulated diet according to Woo and Kelly (1995). Feeding was terminated 24 
hours prior to start of experiment. 
4.2.2.2. Experimental design 
4.2.2.2.1. Experiment 1: Abrupt transfer from seawater (SW) to 6 ppt 
Fish were removed from stock tanks and placed in aerated 1000-1 experimental 
tanks (33 ppt) for seven days. After the incubation period, the salinity of 
experimental tanks was reduced via addition of aged tap water which was fully 
aerated. To determine the impact of the acute stress associated with water 
replacement protocol, control tanks were flushed in an identical manner using SW. 
During the salinity reduction process, water was monitored continuously and as soon 
as 6 ppt was first measured, timing commenced. The salinity reached 6 ppt within 25 
minutes. Fish were sampled (n = 7-8) at time 0 (33 ppt) and 1, 3，6，12，24，120 hours 
after first exposure to 6 ppt. Corresponding control samples were taken from fish in 
SW-SW flushed tanks at the same time intervals. 
4.2.2.2.2. Experiment 2: Abrupt transfer from 6 ppt to SW 
Fish were acclimated to 6 ppt one month before start of experiment. They were 
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removed from the stock tanks (6 ppt) and placed in aerated 1000-1 experimental tanks 
(6 ppt) for seven days. After the incubation period, the salinity of experimental tanks 
was elevated via addition of hypersaline water ( � 5 0 ppt, prepared by dissolving coral 
reef salts in seawater). To determine the impact of the acute stress associated with 
water replacement protocol, control tanks were flushed in an identical manner using 
6 ppt water. During the salinity elevation process, water was monitored continuously 
and as soon as 33 ppt was first measured, timing commenced. The salinity reached 
33 ppt within 25 minutes. Fish were sampled (n = 7-8) at time 0 (6 ppt) and 1, 3，6， 
12，24，120 hours after first exposure to 33 ppt. Corresponding control samples were 
taken from fish in 6 ppt-6 ppt flushed tanks at the same time intervals. 
4.2.2.3. Tissue sampling 
Blood was drawn via syringe inserted into the caudal vessels. Haemotocrit was 
immediately taken and the remaining blood was allowed to clot at room temperature 
and then centrifuged to obtain serum for further analysis. Fish were killed by spinal 
transection. Gill filaments (from the second branchial arch, on the right hand side of 
branchial basket) and posterior intestine (the section near anus) were collected and 
stored in 500 |Lil of Tri-Reagent (Molecular Research Center, Cincinnati, OH). 
4.2.2.4. Serum ion levels 
Serum [Na+] and [K+] were determined using atomic absorption 
spectrophotometry (Hitachi). Serum [CI ] was determined using a chloridometer 
(Corning-eel 920). 
4.2.2.5. Preparation of first strand cDNA 
The procedure was the same as those previously described in section 3.2.1.3. 
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4.2.2.6. Design of primers 
The primer set for amplication of silver sea bream CFTR was the same as 
described in section 3.2.2.4. with the following sequence. 
Forward 5，- GTCACCAGCAAGTTTGAGCA-3' 
Reverse 5'-CGGGTACC AC AG AG AATTTCC-3 ‘ (product size = 478 bp) 
The primer set for amplification of P-actin was previously described (Deane et 
al.，1999) with the following sequence. 
Forward 5 ’ -TC ACC A ACTGGG ATG AC ATG-3 ’ 
Reverse 5，-ATCCACATCTGCTGGAAGGT-3， (product size = 800 bp) 
4.2.2.7. Semi-quantitative reverse transcriptase (RT)-PCR 
The procedures were the same as those previously described in section 4.2.1.6. 
4.2.2.8. Statistical analysis 
Serum Na+，K+ and CI" levels and normalized CFTR mRNA level from each 
group are presented as mean values 士 standard error (SEM.) and were subjected to 
one way analysis of variance (ANOVA) followed by a Student-Newman-Keuls 
multiple comparison test (SPSS 13.0) to delineate significance over time. 
Significance differences were accepted if p<0.05. In order to delineate significance 
between transfer group and control group at a time point, data of the same time point 
were subjected to an independent-samples t test. Significance differences were 
accepted if p<0.05. 
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4.3 Results 
4.3.1. Part A: Effect of long-term exposure to different salinities on CFTR expression 
4.3.1.1. Serum ion levels 
For studying the change in serum chemistry following chronic salinity exposure, 
serum sodium, potassium and chloride ion levels were measured. Lowest serum Na+ 
level was found in fish adapted to 6 ppt while fish adapted to 50 ppt have the highest 
serum Na+ level (Fig. 4.1.). There was no significant difference in serum K+ level 
between groups of fish adapted to various salinities (Fig. 4.2.). Serum CI" level was 
the lowest in 0 ppt and the highest in 70 ppt (Fig. 4.3.). 
4.3.1.2. CFTR expression in gill 
A representative agarose gel electrophoresis of PCR products was shown in 
Figure 5.4. There was a trend showing a rise in CFTR mRNA level as the 
acclimation salinity increased (Fig. 4.5.). However, the apparent differences were not 
significant according to the results of statistical analysis. 
4.3.1.3. CFTR expression in posterior intestine 
No significant difference in CFTR abundance in posterior intestine can be found 
among all salinity groups (Fig. 4.6). 
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Figure 4.1. Serum sodium ion level of Spams sarba after acclimation to various 
salinities for four weeks. Data are expressed as mean values 土 SEM. Different letters 
above each bar indicate mean values that were found to be significantly different 
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Figure 4.2. Serum potassium ion level of Spams sarba after acclimation to various 
salinities for four weeks. Data are expressed as mean values 土 SEM. No significant 
difference was found among groups, (n = 7 for each salinity group.) 
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Figure 4.3. Serum chloride ion level of Spams sarba after acclimation to various 
salinities for four weeks. Data are expressed as mean values 土 SEM. Different letters 
above each bar indicate mean values that were found to be significantly different 
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P-actin (800 bp) 
CFTR (478 bp) 
Figure 4.4. A representative agarose gel electrophoresis of PGR products using CFTR 
primers and p-actin primers (lane B). Lane A shows 100 bp DNA ladder. 
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Salinity (ppt) 
Figure 4.5. Branchial CFTR mRNA abundance of Sparus sarba after acclimation to 
various salinities for four weeks. Data are expressed as mean values ± SEM. No 
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Figure 4.6. CFTR mRNA abundance in posterior intestine of Spams sarba after 
acclimation to various salinities for four weeks. Data are expressed as mean values 土 
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4.3.2. Part B: Effect of abrupt salinity transfer on CFTR expression 
4.3.2.1. Experiment 1: Abrupt transfer from SW to 6 ppt 
4.3.2.1.1. Serum ion levels 
Serum Na+ level exhibited transient perturbations in fish abruptly exposed to 6 
ppt (Fig. 4.7.), it was significantly lower in transfer groups 1 and 12 hours following 
transfer. Serum K+ level exhibited fluctuation for both the transfer group and SW 
control group (Fig. 4.8.). Serum CI" level started to fall at 6 hours after hypo-osmotic 
exposure and continued to fall until 12 hours where a significant level was detected 
(Fig. 4.9.)，and then the serum CI" level started to elevate, with a return to 
pre-exposure levels occurring after 120 hours. These three serum ion levels in 
transfer group returned to similar levels as their control counterparts. 
4.3.2.1.2. CFTR in gill 
Branchial CFTR mRNA level dropped significantly at 12 hours after the 
hypo-osmotic exposure (Fig. 4.10.) and gradually returned to a similar level as its 
SW control at 120 hours. 
4.3.2.1.3. CFTR in posterior intestine 
There was no significant difference in CFTR mRNA abundance in posterior 
intestine at any time following seawater replacement (Fig. 4.11.). After hypo-osmotic 
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4.3.2.2. Experiment 2: Abrupt transfer from 6 ppt to SW 
4.3.2.2.1. Serum ion levels 
Serum Na+ level increased once fish were exposed to SW (Fig. 4.12.)，reached 
a significantly high level at 3 hours after SW exposure and maintained until 12 hours. 
Serum K+ level elevated in both SW transfer group and control group (Fig. 4.13.) 
but the K+ level in transfer group dropped significantly at 120 hours. There was a 
significant increase in serum CI" following SW exposure at 3，6 and 12 hours (Fig. 
4.14.)，and then decreased to a lower level than the control group. 
4.3.2.2.2. CFTR in gill 
There was a significant increase in CFTR mRNA level 6 hours after SW 
exposure (Fig. 4.15.) and the high expression level was maintained at 24 hours, and 
started to decrease 120 hours after the transfer. In the meanwhile, there was no 
change for the expression level in the control group. 
4.3.2.2.3. CFTR in posterior intestine 
No significant difference can be observed in CFTR expression in posterior 
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In the present experiments, no mortality was observed in silver sea bream after 
long-term salinity acclimation as well as abrupt transfer from seawater to 
hypo-osmotic environment (or vice versa). Our work provides evidence that silver 
sea bream is a marine euryhaline teleost which possesses a strong homeostatic 
ability to cope with changing environments. Together with other previous studies, 
we demonstrated that sea bream utilizes differential strategies such as short-term 
regulation of ion transporter expressions and morphological change of chloride cells; 
and long-term differentiation of new chloride cells to tackle salinity challenges in a 
wide salinity spectrum, ranging from 0 ppt to 70 ppt (Kelly et al.，1999a; Kelly and 
Woo, 1999a, Kelly and Woo, 1999b; Deane and Woo, 2004; Wong et al., 2006). 
4.4.1. Long-term exposure to various salinities 
After long-term exposure to various ambient salinities, significant 
hyponatremia and hypochloremia were observed only in the freshwater (0 
ppt)-adapted fish (Fig. 4.3.). Acclimation to salinities ranging from 6 ppt to 70 ppt 
had no effect on serum ion levels, indicating a tight maintenance of serum 
electrolyte homeostasis is present in silver sea bream, with an exception to the 
freshwater environment where the ionic composition was extremely low (Kelly et al., 
1999a). 
Previous studies have exhibited an up-regulatory relationship between seawater 
exposure and branchial expression levels of CFTR in few species of fish, for 
example, killifish (Singer et al.，1998) and Atlantic salmon smolts (Singer et al., 
2002). These experiments involved salinity transfer of fish for 14 to 28 days. In 
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addition, 28-day of acclimation have also been chosen as the experimental period in 
previous studies on Na+, K+-ATPase of silver sea bream (Deane and Woo, 2004; 
Wong et al., 2005). Therefore, we adopted a similar protocol in which the fish were 
acclimated for 28 days in our precent experiment. In contrast with the findings of the 
previous studies, our result did not show any significant difference in CFTR mRNA 
expressions in gill (Fig. 4.5.) and posterior intestine (Fig. 4.6.) with respect to 
various ambient salinities. 
Previous studies on teleost CFTR have drawn too much attention on the early 
responses following seawater exposure, whereas the chronic response of ion 
transporters is actually unclear. Singer et al. (1998) reported a nine-fold increase in 
branchial CFTR mRNA expression at 24 hours after transfer from freshwater to 
seawater, but the increment was decreased to a three-fold higher level by 28 days 
compared with the freshwater controls. In another experiment involving Atlantic 
salmon smolts, Singer et al. (2002) demonstrated a significant increase in CFTR I 
mRNA levels beginning at 24 hours following seawater exposure and remained 
elevated until 14 days, which was the end point of experiment; in the meantime, 
there was a marked increase in CFTR II mRNA levels at 24 hours after the transfer, 
since then the expression declined and recovered to pre-exposure level. These 
studies indicated that up-regulation of CFTR expression by seawater exposure is 
most predominant in the first few days of transfer, however, the increment is 
possibly to decline when the salinity challenge is protracted. It is likely that CFTR 
expression in silver sea bream has also a transient change in the early phase of 
salinity acclimation, and as soon as the fish has been adapted to the new 
environment, its CFTR expression returns to the original level, resulting in our 
present observation of unchanged CFTR levels after four-week acclimation. This 
argument was tested in the second part of experiment which involved abrupt transfer 
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of fish from seawater to hypo-osmotic environment (6 ppt) and vice versa to 
elucidate the immediate response of silver sea bream, in terms of CFTR mRNA 
expression, upon salinity challenge. 
CFTR expression has been examined only in a few teleost species. Among the 
previous work, only brackish-water euryhaline teleosts (killifish, Singer et al.’ 1998, 
Scott et al.，2004), anadromous teleosts (Atlantic salmon smolts, Singer et al., 2002) 
and amphidromous teleosts (Hawaiian goby, McCormick et al., 2003) were adopted 
as the experimental models. CFTR expression study on marine teleosts is actually 
lacking. In the present experiment, we employed silver sea bream, which is a true 
marine euryhaline teleost capable of surviving in a wide range of salinities including 
freshwater and hypersaline environment of 70 ppt. Our result did not exhibit an 
up-regulation of CFTR mRNA expression after seawater acclimation, this may 
reflect the fundamental difference in physiology of marine, brackish-water and 
migratory teleosts. Constant turnover rate of CFTR transcript with respect to various 
salinities can account for our observation. There is a possibility that the basal level 
of CFTR protein in chloride cells of marine teleosts may be already in excess, and 
therefore, upon salinity challenge, de novo expression of CFTR is not necessary, 
resulting in no change in transcript level. At, present, the mechanism and regulation 
of CFTR gene expression in teleosts are unknown. Any further discussion regarding 
the relationship between CFTR transcript turnover rate and basal protein expression 
may be premature, however, these parameters are clearly worth further study. 
Since CFTR at translational level has not been studied in our experiment, the 
possibilities of alteration in protein abundance, post-translational modification 
and/or change in cellular localization of CFTR protein following long-term exposure 
to various salinities cannot be ruled out. An extraordinary study done by Marshall et 
al. (2002) revealed trafficking of kfCFTR from diffuse cytosolic locations to 
97 
concentrated points and inserted in the apical membrane of mitochondria-rich cells 
of killifish opercular membranes during seawater adaptation. The primary function 
of CFTR is for ion secretion in seawater gill (Marshall and Singer, 2002). It seems 
weird that CFTR is already present in the gills of freshwater killifish, in which the 
chloride cells are mainly responsible for ion uptake. Nevertheless, the presence of 
CFTR proteins in freshwater chloride cells is no guarantee of functional channels, it 
could be possible that CFTR proteins are expressed and stored in cytosolic vesicles 
in the freshwater gill chloride cells for future function upon seawater exposure 
(Marshall et al., 2002). It could be also possible that CFTR is involved in acid-base 
balance in freshwater environment, as CFTR was found to be permeable to HCO3" in 
mammalian system (Gray et al., 1990b). 
4.4.2. Abrupt salinity transfer 
4.4.2.1. Abrupt hypo-osmotic transfer (33 ppt to 6 ppt) 
Abrupt salinity transfer from 33 ppt (seawater) to 6 ppt induced an immediate 
decline in serum electrolyte concentrations starting as early as one hour after transfer 
(Fig. 4.7.，4.8. and 4.9.), reaching a minimum at 12 hours and then returning to 
pre-transfer level at 120 hours after the transfer. However, these results (as well as 
the branchial CFTR mRNA expression, Fig. 4.10.) should be interpreted cautiously, 
as the results only showed a siginificant change in the transfer group when 
compared with the control group at certain time point, but there was actually no 
change within the transfer group over time according to the ANOVA test. 
Previous studies mainly concerned the transfer of fish from either freshwater or 
brackish water to seawater, and reported a significant increase in branchial CFTR 
expression starting from 24 hours after the transfer (Singer et al., 1998, Singer et al., 
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2002). Much less is known about the response of hypo-osmotic (6 ppt) transfer, 
though there was a study which involved transfer of killifish from brackish water to 
freshwater and resulted in a reduced branchial CFTR mRNA expression (Scott et al.， 
2004). Our present study reported a transient reduction in CFTR mRNA expression 
occurring at 12 hours following abrupt transfer from 33 ppt to 6 ppt. This 
observation was probably related to the rapid requirement of reducing ion secretion 
in response to a sudden drop in serum ion concentrations in hypo-osmotic 
environment. When the salinity challenge continued, other osmoregulatory 
responses, such as alteration of chloride cell morphology (Kelly and Woo, 1999a) 
and differentiation of new types of chloride cells (Katoh and Kaneko, 2003), which 
generally demanded a longer period of time to develop, took up the job of 
maintenance of serum ion homeostasis. Therefore, CFTR mRNA expression in gill 
recovered to the pre-transfer level 120 hours after transfer (Fig. 4.10.). 
4.4.2.2. Abrupt seawater transfer (6 ppt to 33 ppt) 
Abrupt salinity transfer from 6 ppt to 33 ppt elicited a rise in serum electrolyte 
concentrations (Fig. 4.12’ 4.13. and 4.14.)，and the elevated serum ion 
concentrations remained significantly higher than pre-transfer level at 120 hours 
after transfer. 
Compared with abrupt hypo-osmotic transfer, transfer of silver sea bream from 
6 ppt to 33 ppt exerted a more severe effect on branchial CFTR mRNA expression. 
Significant increase in CFTR mRNA level was detected at six hours after transfer 
and the increase was prolonged until 24 hours, and finally dropped to a similar level 
as the pre-transfer group (Fig. 4.15.). The reason for this observation remains 
obscure. Scott et al. (2004) also reported a prolonged change in branchial CFTR 
mRNA expression in killifish, which increased rapidly at three hours after transfer 
99 
from brackish water to seawater, and remained at elevated level until returning to 
control level in brackish water after 30 days of transfer. Silver sea bream is a 
euryhaline teleost of marine origin, transfer from seawater to hypo-osmotic 
environment (6 ppt) may be actually undesirable to the fish, and results in adverse 
effect on its physiology. Increase in dietary protein level for silver sea bream reared 
in 7 ppt did not result in an enhanced growth, it appeared that protein catabolism 
was favored in 7-ppt environment, accompanied by an elevation of oxygen 
consumption (Woo and Kelly, 1995). This indicated that the metabolic cost of 
osmoregulation was increased in hypo-osmotic environment, it may affect the 
adaptability of fish to new environment, such as by influencing the regulatory 
elements in ion transporters, and resulted in a protracted period of enhanced 
branchial mRNA expression of CFTR within 24 hours after transfer. 
Two phases of osmoregulatory responses have been described in euryhaline 
fish by Holmes and Donaldson (1969), an acute adaptive phase occurred 
immediately after seawater transfer, followed by a chronic regulatory phase which 
ultimately resulted in establishment of new steady state. Our present work 
corroborated with this model and demonstrated a transient change in the branchial 
CFTR mRNA abundance at the first few hours after transfer (acute adaptive phase) 
followed by a recovery to pre-transfer level at 120 hours (chronic regulatory phase). 
As indicated in the result of the first part of our experiment, long-term exposure to 
various salinities exhibited no significant difference in any salinity group, including 
6 ppt and 33 ppt, after a four-week acclimation (Fig. 4.5.). Taken together the results 
of the first and second parts of our present study, abrupt salinity transfer induced an 
acute and transient effect on branchial CFTR mRNA expression, when the salinity 
challenge continued for a long period of time, silver sea bream would adapt to the 
new salinity regime with CFTR mRNA expression recovered to pre-transfer level. 
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4.4.3. CFTR mRNA expression in posterior intestine 
Long-term exposure to various salinities and abrupt salinity transfer did not 
exert any effect on CFTR mRNA expression in posterior intestine (Fig. 4.6，4.11. 
and 4.16.)，this suggests a different regulatory mechanism in posterior intestine from 
that of branchial tissue in response to changing salinity. However, information about 
influence of CFTR expression in intestine upon salinity transfer was rather scarce. 
Modulation of net ion flux rate was detected after salinity transfer, but the 
mechanism and relation to ion transporters remain unclear. A recent study reported a 
modulation of net ion flux occurred after transfer from brackish water to freshwater, 
but the expression levels of Na+, K+-ATPase, NKCC and CFTR mRNAs in killifish 
intestine remained constant throughout the freshwater transfer (Scott et al.’ 2006). 
Nonetheless, high level of CFTR mRNA was expressed in the posterior intestine of 
silver sea bream (Chapter 3) and killifish (Singer et al., 1998), which inferred an 
important role of CFTR in the intestine. Salinity probably modulates CFTR at the 
post-transcriptional level and this is an avenue clearly worth further investigation. 
4.4.4. Conclusion 
Abrupt salinity exposure elicited a transient response on branchial CFTR 
mRNA expression in silver sea bream, this marine euryhaline teleost soon adapted to 
the new salinity regime within five days with CFTR expression recovering to 
pre-transfer level. No observable change in CFTR mRNA expression was detected 
following long-term adaptation to various salinities. 
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Chapter 5 Effect of hormones on CFTR expression in gill and posterior 
intestine of silver sea bream 
5.1 Introduction 
The neuroendocrine system acts as the primary link between environmental 
change and physiological response of fish (McCormick, 2001). Accumulated 
evidence indicates that Cortisol, growth hormone/insulin-like growth factor I 
(GH/IGF-I) and prolactin (PRL) are important hormones involved in 
osmoregulation. 
Cortisol has been often referred as a seawater-adapting hormone by virtue of its 
ability to increase salinity tolerance in hypophysectomized fish (McCormick, 1991). 
It also increased ion and water permeability as well as active uptake of ions, which 
led to increased osmotic uptake of water. Cortisol was also suggested to be required 
to regulate ion and water movement across the intestinal epithelium of freshwater 
fish (Zhou et al.，2004; Veillette and Young, 2005). 
Evidence for growth hormone (GH) in seawater acclimation comes primarily 
from studies of exogenous hormone treatment. Bolton et al. (1987) showed that GH 
injections reduced plasma Na+ level in rainbow trout following transfer to 80% 
seawater, and this seawater-adapting action was found to be independent of its 
growth-promoting effect. Smith (1956) was the first to observe that GH treatment 
could increase the capacity of fish to tolerate exposure to seawater. This effect was 
due to the action of this hormone in elevating the number and size of gill chloride 
cells (CC), Na+，K+-ATPase’ and NKCC, those ion transporters involved in ion 
secretion. 
Prolactin (PRL) was widely regarded as a teleost freshwater osmoregulatory 
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hormone. Pickford and Phillips (1959) first demonstrated the survival of 
hypophysectomized killifish {Fundulus hetewcUtus) in freshwater following PRL 
treatment. In tilapia {Sarotherodon mossambicus), the pituitary and serum PRL 
levels increased with freshwater adaptation (Nicoll et al.，1981). The primary 
osmoregulatory function of PRL was to reduce Na+ efflux across the gill 
(Dharmamba and Maetz, 1972). PRL exerts its effect through regulating the ion 
transporter activity and affecting chloride cell morphology. Branchial 
Na+-IC+-ATPase activity was decreased with PRL injection in hypophysectomized 
freshwater-acclimated killifish (Pickford et al., 1970). PRL also induced a 
reappearance of freshwater-type p chloride cells in seawater-adapted tilapia 
{Oreochrmois niloticus) (Pisam et al., 1993). 
The above mentioned actions of each hormone mainly involved studies on Na+, 
K+-ATPase. The endocrine control of other ion transporters, e.g. CFTR, is actually 
unclear. In Sparus sarba, the hormonal control of Na+，K+-ATPase transcription, 
translation and enzyme activity are well documented (Deane et al., 1999; Kelly et al., 
1999a; Deane et al., 2000; Deane and Woo, 2005). In the present study, we would 
investigate CFTR expression in gill and posterior intestine after in vivo and in vitro 
treatment with hormones of various doses. Three hormones have been chosen. They 
are Cortisol, recombinant sea bream growth hormone (rbGH), and ovine prolactin 
(oPRL). 
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5.2 Materials and methods 
5.2.1. Part A: In vivo effect of hormones on CFTR expression 
5.2.1.1. Experimental fish and salinity adaptation 
Silver sea bream (Spams sarba), weighing between 100-200 g, were obtained 
from local sea cages. They were kept in a recirculating seawater system for one 
month before salinity adaptation in the Simon S. F. Li Marine Science Laboratory, 
The Chinese University of Hong Kong. Fish were fed daily with a formulated diet 
according to Woo and Kelly (1995). 
Fish were randomly divided into eight groups, four of which were seawater (33 
ppt) while the remaining four were gradually exposed to lower salinities until a 
hypo-osmotic salinity of 6 ppt was reached. The salinity reduction process took three 
days. Fish were allowed to acclimate to these conditions for three weeks. 
5.2.1.2. Hormone treatment 
During the final week of acclimation, both seawater and hypo-osmotic adapted 
fish (n = 8) received either daily intraperitoneal injections of saline (0.8% w/v NaCl), 
Cortisol (hydrocortisone hemisuccinate, Solucortef, Upjohn; 4 |ig/g)，recombinant 
bream growth hormone (rbGH) (Gropep Pty. Ltd., Australia; 1 |xg/g), or ovine 
prolactin (oPRL) (Sigma, USA; 6 |ig/g). Injections were given between 9 a.m. to 10 
a.m., and the last injection was administered 24 hours prior to sacrifice. No mortality 
was recorded throughout the experimental period, and feeding was terminated 24 
hours prior to sacrifice. 
104 
5.2.1.3. Tissue sampling 
Blood was drawn via syringe inserted into the caudal vessels. Haemotocrit was 
immediately taken and blood was allowed to clot at room temperature and 
centrifuged to obtain serum for further analysis. Fish were killed by spinal 
transaction. Gill filaments and posterior intestine were collected and stored in 500 jiil 
of Tri-Reagent (Molecular Research Center, Cincinnati, OH). 
5.2.1.4. Serum ion levels, preparation of first strand cDNA, design of primers and 
semi-quantitative reverse transcriptase (RT)-PCR 
The procedures were exactly the same as those previously described in sections 
4.2.1.3.-4.2.1.6. 
5.2.1.5. Statistical analysis 
Serum Na+，K^ and CI" levels and normalized CFTR mRNA level from each 
hormone treatment group are presented as mean values 土 standard error (SEM) and 
were subjected to one way analysis of variance (ANOVA) to test for significance 
followed by a Student-Newman-Keuls multiple comparison test (SPSS 13.0) to 
delineate significance between groups of the same salinity. Significance differences 
were accepted if p<0.05. In order to delineate significance between 
seawater-adapted and 6 ppt-adapted groups, data of the same hormone treatment 
were subjected to an independent-samples t test. Significance differences were 
accepted if p<0.05. 
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5.2.2. Part B: In vitro effect of hormones on CFTR expression 
5.2.2.1. Fish and culture conditions 
Silver sea bream {Spams sarba), weighing between 100-200 g, were obtained 
from local sea cages. They were kept in a recirculating seawater system in the Simon 
S. F. Li Marine Science Laboratory, The Chinese University of Hong Kong. Fish 
were fed daily with a formulated diet according to Woo and Kelly (1995) and were 
allowed to acclimate to seawater for at least four weeks and feeding was terminated 
24 hours prior to sacrifice. 
5.2.2.2. Gill and posterior intestine preparations 
Fish were killed by spinal transaction and the branchial basket was removed. 
The second branchial arch on the right hand side of branchial basket and posterior 
intestine (the section near anus) were excised and rinsed briefly in Leibovitz's L-15 
medium (Gibco). The cartilage arch was trimmed away, row of gill filaments was 
cut into blocks of approximately two to four pairs of filaments. Gill blocks and 
posterior intestine sections were incubated in fresh L-15 medium for one hour prior 
to addition of hormones. 
5.2.2.3. Hormone treatment 
A gill block and a posterior intestine section were randomly transferred to a 
Petri dish containing 5 ml L-15 medium. Control group (n = 5) contained L-15 
medium without addition of hormones. Each hormone treatment group was divided 
into three subgroups (n = 5) at final concentrations of 10，100 and 1000 ng/ml for 
Cortisol and 1, 10 and 100 ng/ml for GH and PRL. These dosages of hormones were 
chosen as they stimulated pronounced effects on Na+，K+-ATPase a subnit transcript 
106 
level in silver sea bream, as reported by Deane and Woo (2005). Hormones used in 
the experiment included Cortisol (hydrocortisone hemisuccinate; SoluCortef, 
Upjohn), recombinant bream GH (Gropep Pty. Ltd., Australia) and ovine PRL 
(Sigma, USA). The hormones were dissolved in sterilized saline (0.8% w/v NaCl) 
and diluted in fresh L-15 medium to the desired concentration. The tissues were 
incubated for two hours at room temperature. This protocol has been previously 
decribed by Deane and Woo (2005). After incubation, gill blocks and posterior 
intestine sections were collected and stored in 500 |il of Tri-Reagent (Molecular 
Research Center, Cincinnati, OH). 
5.2.2.4. Preparation of first strand cDNA, design of primers and semi-quantitative 
reverse transcriptase (RT)-PCR 
The procedures were exactly the same as those previously described in sections 
4.2.1.4.-4.2.1.6. 
5.2.2.5. Statistical analysis 
Normalized CFTR mRNA level from each hormone treatment group are 
presented as mean values 土 standard error (SEM) and were subjected to one way 
analysis of variance (ANOVA) to test for significance followed by a 
Student-Newman-Keuls multiple comparison test (SPSS 13.0) to delineate 
significance between groups. Significance differences were accepted if p<0.05. 
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5.3 Results 
5.3.1. Part A: In vivo effect of hormones on CFTR expression 
5.3.1.1. Serum ion levels 
The result of serum Na+ level exceeded the physiological range of fish, which 
is usually below 200 mM (Kelly and Woo, 1999b). There was a high possibility of 
contamination of red blood cell content in the serum preparation process. Therefore, 
the result should be discarded and not suggested to any further discussion. 
5.3.1.1.1. Serum [Na+] level (Fig. 5.1.) 
There was no change in serum [Na+] level in SW-adapted fish following any 
hormone treatment. Fish adapted to 6 ppt had a significantly reduced serum [Na+] 
level, observed in saline-injected fish, but injection of Cortisol and rbGH 
successfully elevated serum [Na+] to a level comparable to that of SW-adapted fish, 
while the fish injected with oPRL had a serum [Na+] level that was similar to that of 
saline-injected fish. 
5.3.1.1.2. Serum [K+] level (Fig. 5.2.). 
No change was observed in serum [K+] level among all hormones treatment 
groups regardless of salinity. 
5.3.1.1.3. Serum [Cr] level (Fig. 5.3.) 
For SW-adapted fish, serum [CI'] level was significantly increased in 
cortisol-injected fish but decreased in oPRL-injected fish. For the fish adapted to 6 
ppt, no change in serum [CI'] was observed following hormone treatment, but 
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injection of rbGH and oPRL alone significantly increased serum [CI"] levels 
compared with the same treatment in SW-adapted fish. 
5.3.1.2. CFTR expression in gill (Fig. 5.4.). 
We observed no significant difference in both the SW- and 6 ppt-adapted fish 
among any hormone treatment groups with respect to their saline-injected controls. 
5.3.1.3. CFTR expression in posterior intestine (Fig. 5.5.) 
No significant difference was found among the SW-adapted hormone treatment 
groups with their saline-injected controls. For 6 ppt-adapted fish, there was a 
significant increase in CFTR mRNA expression in cortisol-treated fish and a 
significantly decreased expression in oPRL treatment group. Compared with 
SW-adapted oPRL-injected fish, its CFTR mRNA level was also significantly 
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Figure 5.1. Effect of hormones administration on serum sodium ion level of SW- and 
6 ppt-adapted Spams sarba. Data are expressed as mean values ± SEM. Different 
letters above each bar indicate mean values that were significantly different (p<0.05) 
among the same salinity group. An asterisk denotes a significant difference (p<0.05) 
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Figure 5.2. Effect of hormones administration on serum potassium ion level of SW-
and 6 ppt-adapted Spams sarba. Data are expressed as mean values 土 SEM. No 
significant difference was found among groups. 
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Figure 5.3. Effect of hormones administration on serum chloride ion level of SW-
and 6 ppt-adapted Spams sarba. Data are expressed as mean values ± SEM. 
Different letters above each bar indicate mean values that were significantly 
different (p<0.05) among the same salinity group. An asterisk denotes a significant 
difference (p<0.05) from identical treatment in SW-adapted group. 






Figure 5.4. Effect of hormones administration on branchial CFTR mRNA abundance 
of SW- and 6 ppt-adapted Spams sarba. Data are expressed as mean values ± SEM. 













( s l l u n
 A J e l l q J e ) 
刀 u n q e
 V N a E
 u t o






Figure 5.5. Effect of hormones administration on CFTR mRNA abundance in 
posterior intestine of SW- and 6 ppt-adapted Spams sarba. Data are expressed as 
mean values ± SEM. Different letters above each bar indicate mean values that were 
significantly different (p<0.05) among the same salinity group. An asterisk denotes a 
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5.3.2. Part B: In vitro effect of hormones on CFTR expression 
5.3.2.1. CFTR expression in gill 
It appeared that Cortisol increased the branchial CFTR mRNA expression at a 
dose of 10 ng/ml (Fig. 5.6.)，but the increase was not statistically significant. The 
same observation was seen in GH- and PRL-treated groups (Fig. 5.7. and 5.8.). 
5.3.2.2. CFTR expression in posterior intestine 
For cortisol-treated posterior intestine, the largest increase in CFTR mRNA 
expression was found with a dose of 10 ng/ml, and a smaller increase was observed 
in higher doses (Fig. 5.9.)，though all the increases were not significant. There was 
no significant difference among various doses for GH- and PRL-treated groups (Fig, 
5.10. and Fig. 5.11.). 
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jg Saline 10 100 1000 
Cortisol dose (ng/ml) 
Figure 5.6. In vitro effect of different doses of Cortisol on branchial CFTR mRNA 
abundance of Spams sarba. Data are expressed as mean values 土 SEM. No 
significant difference was found among groups. 
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丄 Saline 1 10 100 
Growth hormone dose (ng/ml) 
Figure 5.7. In vitro effect of different doses of growth hormone on branchial CFTR 
mRNA abundance of Spams sarba. Data are expressed as mean values 土 SEM. No 
significant difference was found among groups. 
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S a l i n e 1 1 0 
Prolactin dose (ng/ml) 
Figure 5.8. In vitro effect of different doses of prolactin on branchial CFTR mRNA 
abundance of Spams sarba. Data are expressed as mean values 土 SEM. No 
significant difference was found among groups. 
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逆 Saline 10 100 100 
Cortisol dose (ng/ml) 
Figure 5.9. In vitro effect of different doses of Cortisol on CFTR mRNA abundance 
in posterior intestine of Spams sarba. Data are expressed as mean values 土 SEM. 
No significant difference was found among groups. 
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Saline 1 10 100 
Growth hormone dose (ng/ml) 
Figure 5.10. In vitro effect of different doses of growth hormone on CFTR mRNA 
abundance in posterior intestine of Spams sarba. Data are expressed as mean values 











( s i l u n
 A J e l l q J e ) 
a o u e 节 u n c f e
 V N b l E
 t t t o
 ① 
逆 Saline 1 10 100 
Prolactin dose (ng/ml) 
Figure 5.11. In vitro effect of different doses of prolactin on CFTR mRNA 
abundance in posterior intestine of Spams sarba. Data are expressed as mean values 
土 SEM. No significant difference was found among groups. 
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5.4 Discussion 
The present study is the first to report CFTR mRNA expression in Spams sarba 
following treatments with Cortisol, recombinant bream growth hormone (GH) and 
ovine prolactin (PRL). The hormonal modulation of branchial Na+，K"^-ATPase 
mRNA in the same species using a similar protocol has been reported (Deane et al., 
1999)，it indicated that Cortisol elevated Na+，K+-ATPase a-mRNA abundance and 
PRL reduced the a-mRNA abundance in both seawater- and 6 ppt-adapted silver sea 
bream, while no significant difference was observed in GH-treated fish. Furthermore, 
the in vitro incubation system we adopted in Part B has been previously shown to be 
successful (Deane and Woo, 2005), which demonstrated that Cortisol and GH 
exerted direct effects on the gill to increase the Na+，K+-ATPase a-mRNA levels, 
while PRL showed no effect on modulating gill a-mRNA level. From the result of 
the present study, in contrast with Na+, K+-ATPase，hormonal control of CFTR 
mRNA expression is not apparent. 
5.4.1. Effects of Cortisol on CFTR expression 
In our present study, Cortisol was demonstrated to have no effect on branchial 
CFTR expression (Fig. 5.4). Cortisol has been generally regarded as a 
seawater-adapting hormone, which is based on the studies of Na+, K+-ATPase 
(Pickford et al., 1970)，chloride cell number (Laurent and Perry, 1990; McCormick, 
1990) and seawater tolerance (Mancera et al., 1994). There is actually a scarcity of 
studies elucidating the effect of Cortisol on other ion transporters, especially, the 
recently identified CFTR chloride channel in teleost. It was expected that branchial 
CFTR would have a similar expression pattern as that of Na+’ K+-ATPase，as both of 
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them are involved in ion secretion in seawater. Plasma Cortisol level showed a 
transient increase one hour after seawater transfer of killifish (Marshall et al., 1999)， 
shortly before the sharp increase in kfCFTR mRNA expression eight hours after the 
transfer (Singer et al., 1998). Cortisol receptor blockade generally impaired the 
upregulation of chloride secretion in killifish (Marshall et al., 2005). These studies 
suggested a possible association between plasma Cortisol and branchial CFTR 
expression. The recent identification of a putative glucocorticoid binding site 
consensus sequence in the upstream proximal promoter region of killifish CFTR 
gene (Marshall and Singer, 2002) further suggests a role of Cortisol in regulating 
transcription of CFTR. Nevertheless, a direct evidence of Cortisol in regulating 
killifish CFTR transcription is lacking. 
It is interesting to note that two isoforms of CFTR were found in Atlantic 
salmon, namely CFTR I and CFTR II (Chen et al., 2001). These two isoforms 
possess different expression patterns when the Atlantic salmon smolts were 
subjected to Cortisol treatment. Singer et al. (2003) demonstrated a significant 
increase in branchial CFTR I mRNA expression after Cortisol implantation, but there 
was no change for CFTR II mRNA expression. Referring to the result of our present 
study, the expression pattern of branchial CFTR in silver sea bream is very similar to 
that of CFTR II isoform of Atlantic salmon smolts, both of them show no significant 
increase following long-term seawater acclimation as well as Cortisol administration. 
In FW-striped bass (Morone saxatilis), branchial CFTR as well as a-subunit of Na+, 
K+-ATPase mRNA levels remained unchanged after Cortisol treatment (Madsen et al., 
2007). 
In silver sea bream, serum Cortisol level was significantly elevated one hour 
after hypo-osmotic transfer from SW (Kelly and Woo, 1999b), whereas a reduction 
of CFTR mRNA level was observed twelve hours after transfer (Chapter 4). 
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Long-term acclimation to various salinities revealed that the plasma Cortisol levels 
were the highest in fish adapted to 70 ppt, while the lowest levels were observed in 
hypo-osmotic (6 ppt) and iso-osmotic (12 ppt) condition (Wong et al.’ 2006), though 
the branchial and intestinal CFTR mRNA expressions of silver sea bream did not 
exhibit any change following long-term acclimation (Chapter 4). In silver sea bream 
adapted to a hyposomotic environment, Cortisol significantly increased CFTR 
mRNA expression in posterior intestine (Fig. 5.5). It implied that intestinal chloride 
transport was stimulated, this would create an osmotic gradient across the intestine 
and lead to an increase in water absorption through posterior intestine (Loretz, 1995)， 
a process which prepares the hyposmotically adapted fish to enter seawater. Our 
result successfully demonstrated the seawater-adapting role of Cortisol, though it is 
not consistent with the observation in killifish. In killifish, plasma Cortisol level was 
significantly increased three days after transfer from brackish water to freshwater, 
but this increase in circulating Cortisol level did not affect the CFTR mRNA 
expression in intestine (Scott et al., 2006). Care should be taken when interpreting 
the result of the study done by Scott et al. (2006) as the authors did not specify 
which part of intestine they were using in the experiment. 
From all of the above studies, it is premature to conclude on a functional role of 
Cortisol in regulation of CFTR expression. It is certainly important to conduct 
further investigations on this aspect before firm conclusions can be drawn. 
5.4.2. Effects of growth hormone (GH) on CFTR expression 
GH was shown to exert no effects on CFTR expression in gill (Fig. 5.4) and 
posterior intestine (Fig. 5.5) of silver sea bream. The hypo-osmoregulatory function 
of GH was demonstrated from previous studies done on salmonids (Sakamoto et a l , 
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1993), tilapia (Sakamoto et al., 1997) and killifish (Mancera and McCormick, 1998), 
less is known about the osmoregulatory effect of this hormone on other species of 
fish (Sakamoto and McCormick, 2006). Among the few pieces of studies on 
Sparidae, the osmoregulatory effect of GH is not consistent with the findings on 
salmonids. In gilthead sea bream {Spams aurata L.)，oGH treatment exerted no 
influence on gill Na+, K+-ATPase activity and plasma osmolarity (Mancera et al., 
2002). In another sea bream, Spams sarba, there was also no alteration in branchial 
Na+-K+-ATPase a-mRNA abundance (Deane et al., 1999) and Na+, K+-ATPase 
activity (Kelly et al., 1999a) following rbGH treatment. This kind of species 
variation may come from the fact that sea bream have marine origins, they need to 
cope with challenges once they are exposed to salinity change, which require a rapid 
modulation of the osmoregulatory machinery. On the other hand, salmonids are 
anadromous fish that migrate from freshwater to the ocean during their juvenile 
developmental stage, which involve relatively slow and gradual process of 
smoltification. Smoltification represents the gradual preparatory development of 
hypo-osmoregulatory mechanisms before the seawater entry of fish (Madsen et al., 
2007). Such a difference may give rise to evolution of different strategies of 
osmoregulation between sparids and salmonids. 
Circulating and pituitary GH levels also reflected the importance of GH in SW 
acclimation. During smoltification of coho salmon, plasma GH level was 
significantly increased (Sweeting et al., 1985). SW transfer significantly evoked a 
rise in GH content in pituitaries of FW-adapted tilapia (Borski et al., 1994). Transfer 
of rainbow trout {Oncorhynchus my kiss) from FW to 80% SW evoked a rise in 
plasma GH concentration (Sakamoto and Hirano, 1991). However, in sea bream, 
such a correlation of increasing plasma GH level with ambient salinities was not 
apparent. Interestingly, pituitary GH transcript (Deane and Woo, 2004) and protein 
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abundance (Deane and Woo, 2006) were the highest in sea bream adapted to 
iso-osmotic (12 ppt) condition. 
Furthermore, GH may actually require interaction with other hormones, for 
example Cortisol and IGF-I, to fully exert its action in osmoregulation. It was 
demonstrated that injection of Cortisol together with GH significantly increase 
branchial Na+-K+-ATPase activity to a greater extent in rainbow trout (Madsen, 
1990a). This synergistic effect of GH and Cortisol was also confirmed in sea trout 
(Madsen, 1990b). GH may exert its effect by increasing the number of Cortisol 
receptors in gill as shown by Shrimpton et al. (1995). There is no evidence that GH 
directly stimulate branchial Na+-K+-ATPase activity, but IGF-I increased branchial 
Na+-K+-ATPase activity in coho salmon in vitro following in vivo treatment with GH 
(Madsen and Bern, 1993)，suggesting that GH exerts some of the osmoregulatory 
effect through IGF-I (McCormick, 2001). 
GH exerted no effect on CFTR mRNA expression in posterior intestine of both 
seawater- and 6 ppt-adapted silver sea bream (Fig. 5.5). This may be due to the 
absence of GH receptors in the intestine, as suggested by Gray et al. (1990a). 
While the importance of GH on Na+，K+-ATPase in salmonids are well 
documented, the hormonal control of other ion transporters has not been explored, 
though it was found that GH also upregulated the abundance of NKCC in the 
chloride cells of Atlantic salmon (Pelis and McCormick, 2001). Due to the limited 
number of studies, it is strongly recommended that more investigations of the 
osmoregulatory effect of GH on other ion transporters are needed. 
126 
5.4.3. Effects of prolactin on CFTR expression 
PRL did not exert any effect on branchial CFTR expression in silver sea bream 
adapted to seawater or hyposmotic environment (Fig. 5.4). PRL has been recognized 
as the freshwater-adapting hormone since the pioneer work of Pickford and Philips 
(1959)，demonstrating that oPRL promoted the survival of hypophysectomized 
killifish in FW by maintaining adequate serum Na+ and CI" levels. However, 
generalization of the osmoregulatory action of PRL is difficult as there are marked 
variations in the effect of PRL on branchial Na+，K+-ATPase expression. Deane et al. 
(1999) demonstrated that PRL caused a significant reduction in mRNA expression of 
a-subunit of Na+，K+-ATPase in both seawater and hypo-osmotic environment, while 
there was no change for the P-subunit in silver sea bream. oPRL administration also 
caused a significance decrease in branchial Na+，K^-ATPase activity regardless of 
salinity (Kelly et al., 1999a). In contrast, the mRNA expression of a-subunit of Na+， 
K+-ATPase was not affected by oPRL administration in brown trout (Seidelin et al., 
1999). Such a difference may arise from species variations, different developmental 
stage of the experimental fish as well as utilization of mammalian (heterologous) 
hormone. 
Prunet and Auperin (1994) proposed that ovine PRL may not be able to 
distinguish between teleost GH and PRL receptors, and it was not recommended for 
molecular and physiological characterization of fish PRL receptors. A recent in vitro 
study on silver sea bream revealed that oPRL exerted no effect on branchial Na+， 
K+-ATPase subunit transcription, translational and enzyme activity (Deane and Woo, 
2005)，the authors suggested the utilization of ovine PRL may account for this 
observation. Therefore, in order to fully elucidate the effect of PRL on 
osmoregulation, it was worthwhile to conduct experiment on various species of fish 
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using homologous hormones (Manzon, 2002). 
Previous studies on hyposmotic (or FW) adapted fish have shown that PRL 
decreased the intestinal absorption of ions and water (Loretz and Bern, 1982)，a 
finding which is considered to survival in a dilute medium. In the present study with 
sea bream, CFTR expression in posterior intestine was significantly reduced 
following PRL administration in 6 ppt, but not in seawater (Fig. 5.5). This change 
may be significant to the life in hypo-osmotic environment, as the drinking rate is 
reduced, the primary function of posterior intestine is for absorption of ions from 
ingested food whereas the absorption of water is diminished (Scott et al.，2006). 
Drinking rate of silver sea bream is drastically reduced on adaptation to hyposmotic 
or FW environment (Wong, 2001). Our result supports the role of PRL as the 
FW-adapting hormone with respect to this aspect. 
Although numerous of research has been done on the action of PRL in 
osmoregulation, there is still no accurate generalization can be applied to most of the 
teleosts (Bern, 1975). Nevertheless, a recent study indicated a significant increase in 
pituitary PRL level in silver sea bream adapted to FW and hyposmotic environment 
(Kwong and Woo, 2008). Abrupt transfer of SW-adapted silver sea bream to 
hyposmotic condition triggered a drastic decrease in pituitary PRL level six hours 
after the transfer (Kwong et al., 2009), suggesting a rapid increase in release of PRL 
into the circulation. These studies certainly indicated the importance of PRL in 
osmoregulation in silver sea bream. 
5.4.4. Overall effect of Cortisol, growth hormone and prolactin on CFTR expression 
From the result of in vitro study, all the hormones investigated did not exert any 
direct effect on CFTR mRNA expression in gill and posterior intestine (Fig. 
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6.7-6.11). This result implies that there is a constant turnover rate of CFTR 
transcripts regardless of various hormone levels in gill and posterior intestine. 
Plasma GH level in silver sea bream increased sharply when silver sea bream 
was adapted to iso-osmotic (12 ppt) condition (Deane and Woo, 2006). It has been 
clearly shown that Cortisol level in silver sea bream varied in response to salinity 
challenge, with the lowest levels occurring at 6 ppt and 12 ppt; and the highest level 
at 70 ppt (Wong et al.，2006). Pituitary PRL levels were distinctly higher in silver 
sea bream adapted to hyposmotic salinities (or FW) (Kwong et al.’ 2009). This 
corroborates the finding in tilapia {Sarothewdon mossambicus) that pituitary and 
serum PRL levels were also increased with freshwater adaptation (Nicoll et al., 
1981). These studies infer that salinity acclimation would result in alteration of 
circulating hormone levels. These hormones have the capacity to increase salinity 
tolerance of the fish through transcriptional and translational modulation of certain 
ion transporters, number and size of CC as well as morphological change in CC. Our 
results have shown that the transcription of CFTR is not likely to be affected by 
hormone treatment. There is a possibility that hormones affect CFTR expression 
only at the translational level, which includes alteration in protein abundance, 
post-translational modification and/or change in cellular localization of CFTR 
protein. 
Rapid regulation of existing CFTR protein may be more potent in controlling 
Cr transport in silver sea bream. Several modulators are found to be involved in 
CFTR regulation. Mammalian CFTR is activated by phosphorylation from protein 
kinase A, which is triggered by cAMP (Tabcharani et al.，1990). Activation of CFTR 
by PKA was also demonstrated in sea bass (Marshall et al., 1995). In addition, hsp70 
was shown to promote trafficking of AF508-CFTR (Lee and Pamela, 2001). 
Interestingly, gill hsp70 transcript level has been reported to increase during 
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seawater and hypersaline adaptation (Deane and Woo, 2005). An elevated expression 
of hsp70 may also promote the trafficking of teleost CFTR from the cytosol of the 
CCs to the apical crypt for CI' secretion. Also, vasoactive intestinal peptide, 
forskolin and genistein were also demonstrated to increase the apical CFTR 
trafficking in the rectal gland of dogfish (Lehrich et al.，1998). Moreover, guanylin, 
which is a kind of naturally occurring peptides that acts on mammalian intestine, has 
been cloned in Japanese eel (Yuge et al., 2003). The major function of guanylin is to 
stimulate CI" secretion into the intestinal lumen through CFTR (Takei and Yuge, 
2007). Expression of guanylin was found to be up-regulated by seawater transfer 
(Yuge et al., 2003)，which favours CI" secretion via CFTR. 
Taken together, modulation of transcription is not the only way to regulate 
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actions of the ion transporters. Activation and post-translational modification of 
existing channels is another possible way to influencing chloride transport in 
teleosts. 
5.4.5. Conclusion 
Although ample evidence has accumulated to support the role of Cortisol and 
GH as putative seawater-adapting hormones and PRL as a freshwater-adapting 
hormone, most of the evidence comes primarily from the studies on a few species of 
teleost, especially the anadromous salmonids. Based on such limited information, it 
is therefore difficult to generalize on the actions of each hormone on CFTR 
expression, and care must be taken when trying to extrapolate information to other 
species. Furthermore, the scenario in other teleosts, e.g. euryhaline marine fish, 
remains unclear. Elevated level in certain type of hormone may not necessarily 
translate into modulation of ion transporters at the transcriptional level. From the 
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results of the present study, it is not possible to draw a conclusive role of Cortisol, 
growth hormone or prolactin on regulation of the CFTR expression in silver sea 
bream. Thorough investigation on each type of hormones, as well as other rapid 
modulators, and their interaction is still essential in order to obtain a full picture of 
the hormonal regulation of CFTR expression in silver sea bream. 
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Chapter 6 General discussion and conclusion 
Our study is the first to report the effect of salinity transfer and hormone 
treatments on CFTR mRNA expression in gill and posterior intestine of a marine 
teleost, Spams sarba. Results showed that branchial CFTR expression exhibited a 
transient elevation as early as six hours after salinity transfer but it soon returned to 
the pre-transfer level at 24 hours after the transfer. Based on this observation, we 
conclude that modulation of branchial CFTR mRNA expression is only involved in 
the initial acute adaptive phase the salinity acclimatory response. While other 
regulatory modes of CFTR at the translational and/or post-translational level are 
possible, morphological and functional changes occurring at the gills including the 
number of chloride cells (Kelly and Woo, 1999b) as well as modulations of other 
ionomotive enzymes, such as Na+, K+-ATPase activity (Wong et al.’ 2006)，were 
proven to be involved in the chronic regulatory phase of salinity acclimation. CFTR 
mRNA expression in posterior intestine appeared to be insensitive to salinity 
changes. 
This conclusion that CFTR changes are probably involved during the initial 
acute adaptive phase is further supported by our results obtained in experiments 
involving hormone treatments. In our experiments, branchial CFTR expressions 
were not affected by administration of Cortisol, growth hormone or prolactin in vivo. 
These hormones were also shown to have no direct effect on modulating CFTR 
expression in vitro. Cortisol, growth hormone and prolactin were considered to be 
the slow- and long-acting hormones involved in osmoregulation, their actions were 
generally regarded as regulating the de novo synthesis of new transporters (Takei et 
al., 2006). Long-term acclimation would affect the circulating levels of several 
hormones, as shown by Wong et al. (2006) that there was a disruption in plasma 
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Cortisol following four-week salinity acclimation. As the modulation of branchial 
CFTR expression is not involved in the chronic regulatory phase of long-term 
acclimation, these slow-acting hormones were not likely to exert any affect on 
CFTR mRNA expression. 
Previous work of CFTR expression in fish has been concentrated on only a few 
species, including estuarine killifish (Singer et al., 1998; Marshall et al.，2002a; 
Marshall et al., 2002b; Scott et al., 2006), amphibious mudskipper (Wilson et a l , 
2000); anadromous Atlantic salmon smolts (Singer et al., 2002; Singer et al., 2003), 
amphidromous Hawaiian goby (McCormick et al., 2003), anadromous striped bass 
(Madsen et al., 2007) and estuarine spotted green pufferfish (Tang and Lee, 2007). 
As yet, there is no study of CFTR expression on euryhaline species of marine origin. 
When compared with the findings in killifish and Atlantic salmon smolts, branchial 
CFTR expression in silver sea bream experiences a unique regulation in response to 
salinity challenge. As mentioned above, our study is the first to report CFTR mRNA 
expression following salinity acclimation and hormonal treatment using a true 
marine euryhaline teleost, Spams sarba, as the experimental model. We tried to 
compare our results with those previously described in other species. It should be 
noted that species variations may always exist, especially between those with totally 
different origins and extreme modes of life. Also, different developmental stages of 
experimental fish may exhibit vastly different osmoregulatory strategies. It is highly 
suggested to explore CFTR expression in other species of telelosts, particularly 
marine euryhaline fish species, before generalizing on a functional role of CFTR in 
teleosts. 
Spams sarba is a commonly reared marine fish species in the local aquaculture 
industry. They normally reside in seawater environment, but still maintain a high 
level of preparedness to cope with any sudden salinity challenge. Their living 
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habitats and life cycles are in contrast to the estuarine killifish, which live in 
brackish estuaries with routine influx of freshwater from river and saltwater from the 
sea (Scott et al., 2004), and Atlantic salmon smolts, which represent a gradual 
developmental stage of salmonids to prepare themselves with the necessary 
hypo-osmoregulatory machinery for subsequent seawater survival while they are 
still in freshwater environment (Madsen et al., 2007). Therefore, it is not surprising 
that silver sea bream adopts a different and unique strategy for regulating CFTR 
expression. The turnover rate of CFTR transcripts is kept relatively constant in most 
situations, while the CFTR proteins may be expressed always in excess and store in 
vesicles for future function. When there is a salinity shift, rapid regulation of the 
pre-existing CFTR proteins quickly comes into action to activate the CFTR channel. 
Rapid regulation may include elevation of cellular cAMP level, which activates the 
chloride-transporting property of CFTR (Tabcharani et al., 1990)，and elevation of 
hsc70 level, which promotes the trafficking of CFTR to apical membrane of chloride 
cells in gills (Rubenstein et al., 2000). Moreover, salinity challenge may stimulate 
the guanylin system in intestine that favours chloride transport via CFTR (Yuge et 
al” 2003). This strategy has an advantage that it helps the organism to cope with the 
sudden salinity shift within the shortest time, as no alteration in transcription is 
involved. It implies that CFTR mRNA expression may be affected only until 
modulation of existing CFTR protein is exhausted and no longer able to participate 
towards the overall osmoregulatory processes, for instance during adaption to very 
harsh and life-threatening environment, such as during abrupt transfer from 6 ppt to 
33 ppt. Though this argument is somewhat preliminary, it is definitely worth further 
investigations to explore whether the regulatory mechanism of CFTR in 
osmoregulatory tissues relies on rapid modulation rather than expressional 
regulation (Madsen et al., 2007). 
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Our study successfully demonstrated that silver sea bream is a true marine 
euryhaline teleost which can survive in a wide spectrum of salinities ranging from 
freshwater (0 ppt) to hypersaline condition (70 ppt). Taken together with the 
previous studies on this species of fish (Kelly et al., 1999a; Deane et al., 1999; 
Deane et al., 2000; Deane and Woo, 2005), despite the putative involvement of 
Na+-K+-ATPase and CFTR in ion secretion, these two ion transporters are expressed 
in the gills and intestine in both freshwater and seawater environments. The role of 
CFTR expression in the osmoregulatory organs, such as gill, opercular epithelium 
and intestine, remain to be elucidated particularly at the translational and 
post-translational levels. We look forward to the development of homologous 
antibody against silver sea bream CFTR, so that immunocytochemical identification 
of CFTR during salinity transfer, trafficking of CFTR protein, can be investigated. 
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